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Figure 4.1. Bar plots depicting patterns in clutch size (A), hatching success (B), fledging success 
(C), average chick weight (D), and range in chick weights (E) compared among Saltmarsh and 
Nelson’s sparrow females assigned to one of five genotypic classes. Labels for genotypic classes 
are as follows: Pure-N (pure Nelson’s), BC-N (backcrossed Nelson’s), F1-F2 (first/second 
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panels depict the variation in nest height (A), proportion of high marsh surrounding a nest (B), 
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depict the variation in the same three characteristics among females assigned to one of five 
genotypic classes: pure Nelson’s (Pure-N), backcrossed Nelson’s (BC-N), first/second 
generation hybrids (F1-F2), backcrossed Saltmarsh (BC-S), and pure Saltmarsh (Pure-S). ). Plots 
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Figure 5.1. Location of marshes along the northeastern coast of the United States, where we 
sampled Saltmarsh and Nelson’s sparrows. Circles represent the five sites where individuals 
were sampled in 1998 and then again in 2012. Triangles represent two additional sites that we 
sampled in 2012 for increased sample size. Blue sites represent allopatric Nelson’s populations, 
red sites are allopatric Saltmarsh populations, and gray sites are sympatric populations. The 
hatched area represents the hypothesized hybrid zone based on previous bird surveys. Pie charts 
represent haplotype frequencies for ND2 at each site (Nelson’s = black, Saltmarsh = white) 
compared between 1998 (T1) and now (T2). 
 
Figure 5.2. Distribution of genotypic classes across five sites spanning the Nelson’s-Saltmarsh 
sparrow hybrid zone, compared between two temporal replicates. Sites are ordered from North to 
South and labels are included on the top of each graph. T1 represents temporal replicate 1 (1998 
– 1999) and T2 represents the contemporary replicate (2012 – 2013). Genotypic classes include 
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pure Nelson’s (black), backcrossed Nelson’s (gray), F1/F2 hybrids (white), backcrossed 
Saltmarsh Sparrow (light blue), and pure Saltmarsh Sparrow (dark blue).  
 
Figure 5.3. Boxplot of three morphological traits (left: plumage score, center: weight, right: bill 
length) for 138 individuals from 5 marshes, organized from North (pure Nelson’s Sparrow, site 
1) to South (pure Saltmarsh Sparrow, site 5). Gray represents morphological data collected in 
1998 (first temporal replicate) and black represents contemporary data (2012 – 2013). Black 
lines represent the median for each measurement at each site. Boxplot boundaries correspond to 
the first and third quartiles and black points represent outliers.  
 
Figure 5.4. Boxplot of two genotypic indices (left: hybrid index; center: interspecific 
heterozygosity) and a triangle plot comparing hybrid index and interspecific heterozygosity 
(right) for 170 individuals from 5 marshes, organized from North (pure Nelson’s Sparrow) to 
South (pure Saltmarsh Sparrow). Gray represents data collected in 1998 (first temporal replicate) 
and black represents contemporary data (2012 – 2013). For the boxplots, black lines represent 
the median for each measurement at each site. Boxplot boundaries correspond to the first and 
third quartiles and black points represent outliers.  
 
Figure 5.5. Genetic clusters identified by STRUCTURE for 172 individuals genotyped at 22 
microsatellite loci for the 1998 replicate (top panel) and the contemporary replicate (bottom 
panel). Sites are ordered from North to South and include: Lubec (1), Weskeag (2), Scarborough 
(3), Wells, (4), and Prudence Island (5). Bar plot shows individual membership to two genetic 
clusters. Green represents Nelson’s genotypes and gray represents Saltmarsh genotypes. 
 
Figure 5.6. Plots showing patterns of geographic introgression across 5 Nelson’s and Saltmarsh 
sparrow populations compared between two temporal replicates: 1998 (n = 85) and 2013 (n = 85). 
Geographic clines were calculated for 4 marker types and plotted as the frequency of Saltmarsh 
Sparrow alleles across an 800 km sampling transect. Markers include: allele frequencies 
averaged over 22 microsatellite loci (top left), 1 mitochondrial gene (ND2; top right), and two 
gene-associated microsatellite markers (Ammo036 and Ammo006; bottom left and right). Solid 
lines represent cline estimates for the 1998 replicate (gray) and the contemporary replicate 
(black) and vertical dashed lines represent estimates for hybrid zone center for the 1998 replicate 
(gray) and contemporary (black). 
 
Supplementary Figure 5.1. Determination of the number of genetic clusters (K) for Nelson’s and 
Saltmarsh sparrow individuals sampled from five marshes over two temporal replicates (1998 – 






HYBRID ZONE DYNAMICS BETWEEN SALTMARSH (AMMODRAMUS CAUDACUTUS) 
AND NELSON’S (AMMODRAMUS NELSONI) SPARROWS 
by 
Jennifer Walsh 
University of New Hampshire, September 2015 
 
 Hybrid zones in nature have long been equated to “windows on the evolutionary process” 
providing unique environments to understand patterns of gene flow and introgression and the 
role of these mechanisms in maintaining biodiversity. Ongoing hybridization and introgression 
can lead to a number of conservation and evolutionary outcomes; as such, identifying the role of 
introgression in natural populations can provide new insights into species interactions while 
contributing to our understanding of evolutionary theory.  
 The research presented below characterizes hybrid zone dynamics between two tidal 
marsh endemics – the Saltmarsh (Ammodramus caudacutus) and Nelson’s (Ammodramus 
nelsoni) sparrow. Both species co-inhabit salt marshes from southern Maine to northern 
Massachusetts and hybridization has been documented in the overlap zone for over a century. 
While there is previous evidence for asymmetrical introgression and southward expansion, 
information regarding the rates and consequences of hybridization in this system is lacking. To 
address this objective, I evaluated five components that define a hybrid zone: 1) phenotypic and 
morphological variation; 2) strength of selection and patterns of introgression; 3) influence of 
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habitat; 4) hybrid fitness; and 5) temporal stability. I combined genetic and ecological methods 
to evaluate the above components and to assess hybrid zone dynamics. 
 I collected morphometric and plumage data from individuals sampled extensively across 
the hybrid zone and evaluated both phenotypic and genetic variation in pure and admixed 
populations. I found that morphological and genetic variation increased in sympatric populations 
and that a majority of the individuals sampled were backcrossed with a lack of both intermediate 
phenotypes and genotypes. I also found that plumage traits related to the darkness and definition 
of streaking on the breast, flanks, and back of the birds correlated more strongly with genotype 
than traits related to the amount of streaking on an individual or the color of the plumage.  
 I also investigated patterns of genetic structure, selection, and differential introgression 
across the hybrid zone. I found that a high proportion (50%) of the sampled individuals were 
admixed to some degree, but that only 3% of individuals were recent generation hybrids. Genetic 
analyses revealed that pure and hybrid individuals were patchily distributed across the hybrid 
zone. I also found that introgression was highly variable among marker types and that, for a 
majority of the markers examined, selection was weak and introgression was asymmetrical 
toward Saltmarsh Sparrows. I did document abrupt patterns of selection for sex-linked markers, 
mitochondrial markers, and two gene-associated markers. Selection for sex-linked and 
mitochondrial markers supports findings of Haldane’s rule in this system. These results suggest a 
role for selection in maintaining pure species boundaries in the face of ongoing geneflow and 
introgression.  
 I also evaluated whether local habitat features were shaping hybrid distribution due to 
either active habitat preference or habitat-related fitness effects. I correlated average genotypic 
composition at 34 sites to a number of habitat parameters that I collected in the field or remotely. 
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I found indications of genotype-habitat associations, with Nelson’s Sparrows and hybrids found 
more in upriver marshes and Saltmarsh Sparrows found more in coastal marshes. The 
distribution of genotypes across the hybrid zone appears to mimic the patchy distribution of 
habitat types, including coastal, upriver, and intermediate marsh types and is suggestive of a 
mosaic hybrid zone. 
 To identify patterns of differential fitness across the hybrid zone, I compared numerous 
reproductive parameters among pure, backcrossed, and recent generation hybrid females. I also 
compared the proportion of first generation hybrids among age and gender classes to test for 
differences in survival in hybrids. I found that pure and backcrossed Nelson’s Sparrows have 
reduced hatching and fledgling success compared to hybrids and pure and backcrossed Saltmarsh 
Sparrows. The reduced fitness in Nelson’s Sparrows is likely due to differential adaptation to 
coastal marshes and may be influential in shaping hybrid zone dynamics and asymmetries in this 
system. Also, hybrid females had lower survival than hybrid males. 
 Lastly, I evaluated temporal stability in the hybrid zone by comparing genetic and 
morphological data between two temporal replicates. I compared plumage data, morphometric 
measurements, and data from neutral and mitochondrial markers between five marshes sampled 
in 1998 and then again 15 years later in 2012/2013. I detected a southward expansion of 
Nelson’s Sparrow alleles, supported by a shift in the center of the hybrid zone and an increase in 
introgression over the 15-year time period. Despite signs of hybrid zone expansion, some 
markers are under stronger selection now than they were in 1998 indicating that some genetic 
regions may be maintained despite introgression. These regions may be critical in maintaining 
species boundaries. 
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 Following the assumptions of existing theoretical frameworks, the above components 
were systematically evaluated to assess hybrid zone stability. The data have been used to 
evaluate impacts of hybridization and introgression in a naturally occurring avian hybrid zone. 
The work presented here identifies the mechanisms responsible for maintaining pure species 
boundaries in the face of ongoing introgression and gene flow. Further, this work has elucidated 
how hybridization shapes population dynamics while providing insight into the conservation 
management of hybridizing species. Although hybridization is ongoing between the two species, 
selective mechanisms likely play a role in reproductive isolation. Based on these findings, the 
management of both species, even within the hybrid zone, is warranted. This insight is 
particularly relevant to the management of Saltmarsh Sparrows, as this species is imminently 
threatened by habitat loss through sea level rise and the management and conservation of 






 Natural hybridization and introgression are influential in shaping the dynamics of 
interacting species and have a number of evolutionary and conservation implications. In 
avian systems, hybridization is widespread, occurring in approximately 1 in 10 species 
(Grant & Grant 1992) and has gained much attention for its role in the speciation process 
(Rheindt & Edwards 2011). Hybridization events that coincide with the invasion of new 
habitats can be instrumental in facilitating adaptive radiations (Seehausen 2004), while 
the increased genetic variation created by hybridization can fuel local adaptation 
(Lewontin & Birch 1966). Conversely, high rates of introgression can have harmful 
effects including hybrid swarms, outbreeding depression, and reduced fitness (Rhymer & 
Simberloff 1996). Hybridization with an invading conspecific has been responsible, at 
least in part, for the extinction of several threatened species, particularly in cases of rare 
species coming in contact with more abundant ones (Rhymer & Simberloff 1996; 
Allendorf et al. 2001; Buggs 2007). As such, the potential outcomes of hybridization are 
largely system-dependent and can influence population dynamics in complex ways. From 
a conservation standpoint, investigating these outcomes can offer valuable insight into the 
current and future stability of the interacting species, inform decisions on managing “pure” 
populations of a vulnerable species, and increase our knowledge of mechanisms 
responsible for maintaining biodiversity. From a theoretical standpoint, studies of 
hybridizing taxa that maintain genetic distinction in the face of gene flow can provide 
insight into the speciation process (Abbott et al. 2013; Carneiro et al. 2013). Specifically, 
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hybrid zones offer the opportunity to identify genetic and phenotypic traits that play a 
critical role in species divergence, as differential patterns of introgression of foreign 
alleles can provide a direct measure of reproductive isolation (Gompert et al. 2013). 
 My dissertation research uses a combination of molecular genetic techniques and 
traditional field and ecological data to investigate an avian hybrid zone between two tidal 
marsh endemics, the Saltmarsh (Ammodramus caudacutus) and Nelson’s sparrow (A. 
nelsoni). The Saltmarsh-Nelson’s sparrow hybrid zone is a powerful system for the 
investigation of selective forces shaping hybrid zone dynamics. The abrupt selective 
gradients characteristic of tidal marshes provide unusually tractable opportunities to 
investigate evolutionary processes (Greenberg 2006), as adaptive challenges posed by 
these environments are likely strong drivers of selection. Furthermore, ongoing 
hybridization and introgression between Saltmarsh and Nelson’s sparrows warrants 
consideration regarding the conservation of genetically “pure” populations. Both the 
Nelson’s and Saltmarsh sparrow are species of high conservation priority in the 
northeastern United States (USDI 2008), and the Saltmarsh Sparrow is considered 
globally vulnerable to extinction (IUCN Red List criteria; Birdlife International 2004). 
Potential negative implications of hybridization are of particular interest for populations 
of Saltmarsh Sparrows, as their patchy distribution and exclusive habitat requirements 
likely make them the more vulnerable species. An understanding of hybrid zone 
dynamics between these two species will give insight into mechanisms responsible for 
maintaining reproductive isolation and enable predictions of how species interactions 
may influence genetically “pure” populations over time. In this dissertation, I focus on 
the influence of morphology, selection, habitat, and reproductive fitness on patterns of 
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introgression in the hybrid zone.  I also characterize changes in these patterns over a 15-
year time period.  
 
Saltmarsh and Nelson’s sparrows 
 
 The taxonomic classification of the Nelson’s and Saltmarsh sparrow has been a 
topic of debate for over a century (Greenlaw 1993; Rising & Avise 1993). Currently, the 
AOU recognizes three subspecies of Nelson’s Sparrow and two subspecies of Saltmarsh 
Sparrow: A.n. nelsoni (Prairie Sharp-tailed Sparrow), A.n. alterus (James Bay Sparrow), 
A.n. subvirgatus (Acadian Sharp-tailed Sparrow), A.c. caudacutus (Saltmarsh Sparrow), 
and A.c. diversus (Southern Sharp-tailed Sparrow; Greenlaw & Rising 1994; Shriver et al. 
2011). My dissertation focuses on A.n. subvirgatus (inhabiting brackish and tidal marshes 
from the Canadian Maritimes to northern Massachusetts) and A.c. caudacutus (inhabiting 
salt marshes from southern Maine to New Jersey), hereafter simply referred to as 
Nelson’s and Saltmarsh sparrows. Although these species co-inhabit marshes where their 
breeding ranges overlap, they display differences across their respective ranges in habitat 
use, morphology, behavior, and song. In addition to tidal marshes, Nelson’s Sparrows 
also inhabit less tidal, brackish marshes as well as upland habitats, including hayfields 
(Nocera et al. 2007), whereas Saltmarsh Sparrows are exclusively restricted to intertidal 
areas that are influenced strongly by tidal flow (Greenlaw 1993; Shriver et al. 2005). The 
Saltmarsh Sparrow is the only passerine species, globally, found exclusively in tidal 
marshes for all aspects of its life cycle (Greenberg et al. 2006) with an estimated 90% of 
the global population breeding in tidal marsh habitat along the northeastern coast of the 
United States (Hodgman et al. 2002). 
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 Nelson’s Sparrows are differentiated morphologically by a smaller body and bill 
and pale plumage with narrow, indiscrete ventral streaking in comparison to Saltmarsh 
Sparrows, which are more vibrant in plumage, with more distinct streaking patterns and 
richer orange facial coloration (Greenlaw 1993; Shriver et al. 2005). Both species exhibit 
an unusual mating system among emberizines, characterized by non-territoriality, lack of 
male parental care, and high levels of promiscuity (Greenlaw 1993; Hill et al. 2010). 
However, Nelson’s Sparrow males spend substantial time mate guarding and have a more 
distinctive song and flight display (Greenlaw 1993; Shriver 2007, 2010). Both species are 
ground nesters and are highly vulnerable to tidal flooding. The Saltmarsh Sparrow has 
greater nesting synchrony with tidal cycles, with nest initiation post-flooding averaging 3 
days for Saltmarsh Sparrows compared to an average of 10 days for Nelson’s Sparrows 
(Shriver 2007). Shriver (2007) observed differences in reproductive success between the 
two species, with higher daily survival rates (0.967 versus 0.942) and greater nesting 
success (46.2% versus 25.3%) in Saltmarsh Sparrows compared to Nelson’s Sparrows.  
 The hybrid zone between Nelson’s and Saltmarsh sparrows was initially identified 
by Montagna (1942) as an area of intergradation in an approximately 35-mile region 
between Scarborough and Popham Beach, Maine. Despite plumage intermediacy in this 
region, Montagna (1942) and later Greenlaw (1993) reported almost exclusively 
caudacutus in Scarborough and subvirgatus in Popham Beach, consistent with a narrow 
overlap zone. Greenlaw (1993) hypothesized that the overlap zone corresponded 
geographically to a habitat discontinuity along the Maine coastline, with a transition from 
smaller and more brackish marshes in the north to more expansive and tidally influenced 
marshes in the south. Later, however, Hodgman et al. (2002) surveyed marshes from 
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Maine to Connecticut and found Saltmarsh and Nelson’s sparrows co-occurring in 
marshes as far south as Parker River, Massachusetts, documenting an expansion of the 
previously reported overlap zone from 48 km to 208 km in extent. Shriver et al. (2005) 
found that the genetic composition of the hybrids sampled at three sites within the 
overlap zone was approximately 62% Saltmarsh and 38% Nelson’s alleles indicating that 
the direction of introgression is asymmetrical. Shriver et al. (2005) also found that 
individuals in the overlap zone that appeared to be “pure” based on plumage had 
relatively high proportions of alleles from the non-parental species, suggesting that 
backcrossing was a frequent occurrence. A subsequent finding of a Saltmarsh Sparrow 
with Nelson’s mtDNA in Rhode Island also suggested the potential for southern 
expansion of the hybrid zone (Walsh et al. 2011).  
 The unique mating system and habitat requirements of Nelson’s and Saltmarsh 
sparrows make them a good model for exploring the mechanisms responsible for hybrid 
zone maintenance. A transition in marsh habitat from north to south may be indicative of 
an ecological transition zone that shapes species’ habitat preferences (Greenlaw 1993). 
The marsh habitat found within the hybrid zone does not reflect a smooth ecological 
transition, in the more familiar sense however, as marsh level characteristics are variable 
across the overlap zone. As such, environmental features may shape the distribution of 
pure and admixed individuals across sympatric marshes. Environmental features may 
also shape zone dynamics, in that adaptive gradients posed by these tidal marsh 
transitions may drive ecological divergence between Nelson’s and Saltmarsh sparrows. 
Variation in tidal regimes across sympatric marshes may specifically result in differential 
fitness between pure and hybrid species. Lastly, behavioral factors may also influence 
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hybridization rates, as differences in mating behaviors may result in strong patterns of 
mate choice to avoid incurring the potential fitness costs of choosing a heterospecific 
mate.  
 
Hybrid zone definitions and theoretical models 
 
 Hybridization is defined as the “crossing of genetically distinguishable groups of 
taxa, leading to the production of viable hybrids” (Mallet 2005). The range where these 
taxa overlap and interbreed is known as a “hybrid zone”. The origin of hybrid individuals 
and the subsequent role of hybridization events in evolutionary processes has long been a 
topic of debate among biologists (Harrison 1993; Barton 2001; Mallet 2005). In the past, 
hybridization has been deemed an “evolutionary dead end”, with hybrids considered 
maladapted and the process itself dismissed as a mechanism for adaptation (Arnold 1997). 
Despite these perceptions, the frequency of hybridization events in nature is reportedly 
high. A synthesis of hybridization rates in wild populations concluded that 10% of 
animals in well-studied systems hybridize with at least one other species (Mallet 2005). 
In avian systems, hybridization has been documented in roughly 10% of bird species 
(Grant & Grant 1992).  
 Hybrid zones are indicative of a disruption of pre and post mating barriers and can 
result in the genetic exchange between species and the introgression of foreign alleles 
into parental populations (Mallet 2005; Mettler & Spellman 2009). The outcomes of 
hybridization are numerous, including hybrid vigor, the genetic swamping of one parental 
form by the other, adaptive evolution, outbreeding depression, reproductive isolation, and 
the origin of new species. While it is expected that the gene combinations observed in 
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hybrid individuals will be deleterious (Barton 2001; Burke & Arnold 2001), in rare cases 
introgression can lead to adaptive gene combinations that can evolve at high rates (Mallet 
2005). Hybridization events coinciding with the invasion of new adaptive zones may 
even be instrumental in facilitating adaptive radiation (Seehausen 2004), and genetic 
variation created by hybridization can lead to new adaptive states (Lewontin & Birch 
1966). Conversely, high levels of introgression can lead to genetic swamping of pure 
species and loss of locally adapted gene complexes (Rhymer & Simberloff 1996). These 
impacts can be exacerbated when one species is more abundant then the other.  
 Numerous theoretical models have been developed to characterize hybrid zone 
evolution based on the spatial extent and temporal stability of a zone, the selective forces 
acting within the zone, and the overall fitness of hybrid individuals. The theoretical 
frameworks that are the most common include: 1) the bounded hybrid superiority model, 
2) the mosaic model, and 3) the tension zone model. These evolutionary models differ in 
two key ways. First, they differ in whether they categorize selective forces as 
environment-independent or environment-dependent. Environment independence 
assumes that selection is shaped purely by hybrid inviability (endogenous selection), 
whereas environment dependence assumes that the success and structure of hybrid 
populations is dependent on interactions between genotypes and the environment 
(exogenous selection; Arnold 1997). Secondly, these models differ in their assumptions 
about the roles of dispersal and fitness in zone maintenance and temporal stability. Before 
discussing these three models in detail it is important to note two things: 1) while these 
models describe mechanisms for maintaining hybrid zones in time and space, not all 
hybrid zones are stable and thus may not fit into the predictions outlined below; 2) while 
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these models treat environment-dependent and environment-independent selection 
separately, multiple forces (endogenous and exogenous) typically work in conjunction to 
shape dynamics within a natural hybrid zone – as such, not all hybrid zones can be placed 
into such discrete categories.  
 The bounded hybrid superiority model (Moore 1977) is one of two environment-
dependent models explaining hybrid zone maintenance. The model hypothesizes that 
hybrids are more fit than parental genotypes within the zones where they occur, and that 
these restricted regions occur in areas of transitioning habitats (Moore 1977). Here, 
hybrids are not necessarily preadapted to the ecotones, but instead both parental forms are 
less adapted; outside of this region parental forms are more fit then hybrids, hence hybrid 
fitness is “bounded” (Moore 1977). Moore (1977) presents a number of additional 
testable predictions for his model including: 1) hybrid zones should be restricted to 
regions lacking stable ecological communities, 2) mating should be random, and 3) 
character displacement should not occur within the zone. One of the few examples of 
bounded hybrid superiority in the literature is a study by Good et al. (2000) of Larus gulls. 
Good et al. (2000) identified higher reproductive success in hybrids and argued that this 
was due to an advantageous combination of adaptive traits from parental forms in a 
transitional environment.  
 The mosaic model (Howard 1986: Harrison 1986, 1990) is also categorized as 
environment-dependent. Instead of hybridization along a smooth ecological gradient, the 
mosaic model hypothesizes that the parental populations are patchily distributed 
throughout the zone. According to this model, hybridizing species will interact within 
discrete local populations that are independent from each other. As a result, the outcomes 
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of hybridization events may differ from site to site depending on the mode of selection 
acting within the network, dispersal among patches, and the strength of the habitat 
associations (Harrison 1986; Vines et al. 2003). Mosaic hybrid zones may facilitate rapid 
genetic swamping in cases where pockets of the rare species are found within a matrix of 
a more common species (Dabrowski et al. 2005). Alternatively, strong habitat preferences 
and differential fitness across habitat types may provide refugia for pure individuals 
(Confer et al. 2010; Aldinger & Wood 2014) and limit the frequency of hybridization 
events. Most of the empirical evidence supporting the mosaic model has been 
documented in crickets (Howard 1986; Rand & Harrison 1989; Britch et al. 2001) and 
toads (Vines et al. 2003).  
 The tension zone model (Barton 1980, 1983; Barton & Hewitt 1985, 1989) is 
thought to be one of the most common types of hybrid zones in nature (Barton & Hewitt 
1989; Bronson et al. 2005). Under a tension zone model, all hybrid zones are clines 
maintained by the balance between the dispersal of parental forms into the zone of 
overlap and selection against hybrids (Barton & Hewitt 1985). Tension zone models of 
hybrid zone evolution have been documented in numerous avian systems including in 
chickadees (Poecile atricaplillus and P. carolinensis; Bronson et al. 2005), grosbeaks 
(Pheucticus melanocephalus and P. ludovicianus; Mettler & Spellman 2009), and 
warblers (Oporornis tolmiei and O. philadelphia; Irwin et al. 2009). Tension zones 
assume that reduced fitness in hybrids is independent of the environment and thus zones 
are not maintained by local environmental conditions; as a result they can, and are 
expected to move from place to place to remain narrow (Barton & Hewitt 1985). The key 
predictions of the tension zone model are as follows: 1) the intensity of negative selection 
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against hybrid genotypes will relate to the steepness of the cline, 2) phenotypic and 
genotypic clines will be concordant and coincident (parallel), 3) the tension zones move, 
4) significant linkage disequilibrium will occur in hybrid populations, 5) fitness of 
hybrids will be reduced in comparison to the parental taxa.  
 
Selection, differential introgression, and temporal variation 
 
 Assessing the strength and mode of selection acting within a hybrid zone can 
provide information on hybrid asymmetries, direct estimates of sexual selection, and zone 
movement. A common approach to evaluating selection patterns within a hybrid zone is 
through the use of geographic and genomic clines. Geographic and genomic methods of 
cline analysis provide a framework for understanding zone maintenance and the 
evolutionary patterns involved in trait movement across a hybrid zone (Endler 1977; 
Brumfield et al. 2001).  
 Geographic clines are used to describe the change in allele frequencies between 
parental and hybrid populations measured along a geographic transect (Brumfield et al. 
2001; Carling 2008; Payseur 2010). Clines are typically sigmoidal, with sharp transitions 
corresponding to the center of the zone (Payseur 2010); stronger selection against 
introgression results in a narrower cline and a steeper slope (Barton & Hewitt 1985; 
Carling 2008). In the absence of selection, the step in the cline will still arise with the 
initiation of secondary contact, and over time, neutral introgression will flatten the slope; 
thus, selection in some form is required to maintain a sigmoidal shape (Endler 1977; 
Payseur 2010). Based on the above properties, the width and center of the cline can be 
used to determine the strength and direction of selection responsible for zone 
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maintenance. Further, comparing clines among different types of genetic markers and 
morphological features can identify traits that are more important in maintaining 
reproductive isolation. Using cline theory, a number of recent studies have documented 
differences in the strength of selective forces acting on neutral markers in comparison to 
morphological (Rowher et al. 2001; Brumfield et al. 2001; Gay et al. 2008; Chatfield et al. 
2010), sex-linked (Payseur et al. 2004; Carling & Brumfield 2008), and mitochondrial 
markers (Hird & Sullivan 2009). 
 Genomic clines calculate probabilities for hybrid genotypes and assume that 
deviations at individual loci from neutral expectations will be indicative of selective 
forces acting on that locus (Gompert & Buerkle 2009). By comparing observed 
frequencies to a null model, this method offers an advantage by statistically testing 
differences in selection patterns among markers (Payseur 2010). Genomic clines can also 
use deviations from neutral expectations to differentiate between specific modes of 
selection (underdominance, epistasis, overdominance and directional selection, Gompert 
& Buerkle 2009). Thus, combining genomic and geographic cline theory in the analysis 
of hybrid zones can lead to the identification of the center and width of the zone, the 
regions subject to differential introgression, and the associated mode of selection acting 
in these regions.  
 In addition to characterizing the spatial patterns of selective forces, cline theory 
can be used to evaluate temporal patterns of introgression by comparing clines between 
two time periods. By understanding the temporal dynamics of a hybrid zone, one can gain 
important insight into evolutionary processes and how these processes can change over 
time (Buggs 2007; Carling & Zuckerberg 2011). Evaluating the temporal stability of a 
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hybrid zone can also aid in testing key model predictions. Tension zones are predicted to 
move according to population density gradients, whereas zones maintained by exogenous 
selection (mosaic and bounded hybrid superiority) are predicted to move only in response 
to ecological shifts (Carling & Zuckerberg 2011). Although spatio-temporal dynamics in 
a hybrid zone are difficult to assess, moving hybrid zones offer opportunities to study 
evolution in action (Buggs 2007) and have conservation and evolutionary implications 
(Secondi et al. 2006). Due to difficulties associated with sampling a hybrid zone at 
multiple temporal replicates, however, there are few studies that have assessed temporal 
stability of a natural hybrid zone. To my knowledge, there are only three studies that have 
evaluated hybrid zone movement using the same sampling locations and the same genetic 
markers for each replicate (Britch et al. 2001; Dasmahapatra et al. 2002; Carling & 
Zuckerberg 2011). In a hybrid zone between two species of butterfly, substantial 
movement was detected after as little as 14 years with the rate of change accelerating 
from 1.9 km to over 3.8 km per year (Dasmahapatra et al. 2002). In the event that a 
hybrid zone is moving, replicated samples separated by as few as 10 years may be 
enough to identify trends and inform conservation efforts geared toward protecting “pure” 




 The most direct approach for assessing the influence of habitat on hybrid zone 
maintenance is to correlate environment features with the distribution of genotypes 
(Cruzan & Arnold 1993). Habitat associations may be a result of differential survival in 
adjacent ecotones or active habitat selection; both of these processes lead to reduced 
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recombination and the maintenance of local adaptation despite gene flow (Bridle et al. 
2001). Previous work documenting habitat associations in hybrid zones have focused on 
correlating hybrid genotypes with a number of habitat indices collected in the field 
(MacCallum et al. 1998; Bridle et al. 2001; Johnston et al. 2001). More recently, GIS-
based ecological niche modelling (ENM) has been applied to the study of hybrid zones as 
a means of identifying ecological correlates of hybrid zone dynamics (Cicero 2004; 
Swenson 2006, 2008; Chatfield et al. 2010). In cases where hybrid zones are maintained 
by exogenous selection, dispersal should mirror ecological patterns, as parental genotypes 
are predicted to exhibit different habitat affinities (MacCallum et al. 1998). If habitat 
selection results in assortative mating, effective recombination rates will be reduced and 
hybridizing genomes will remain intact, resulting in a heterozygote deficit across habitats 
(MacCallum et al. 1998). To evaluate the role of habitat preference in hybrid zone 
maintenance, the correlation between genotype and environment can be confirmed by 
identifying the range and frequency of dispersal events (MacCallum et al. 1998). Further, 
because mosaic patterns can also arise from small neighborhood sizes (Wright 1943) and 
long-range dispersal events (Ibrahim et al. 1996), an understanding of dispersal patterns 
is required to differentiate between distribution patterns resulting from habitat 
associations versus drift (Vines et al. 2003).  
 
Hybrid fitness  
 
 Fitness effects of hybridization can also play a significant role in shaping and 
maintaining a hybrid zone. Extreme fitness impacts can range from severe selection 
pressures against hybrids and proportionally narrow hybrid zones to hybrid vigor and 
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hybrid swarms. The term “hybrid” also does not refer to one particular genotype, but to a 
large array of possible mixed genotypes with the potential for a range of fitness outcomes. 
A number of plant and animal studies have documented reduced fitness in hybrids overall, 
including reduced seed viability in hybrid iris populations (Iris fulva and I. hexagona; 
Cruzan et al. 1994), reduced survivorship in eastern shiners (Notropis cornutus and N. 
chrysocephalus; Dowling & Moore 1985), reduced fecundity in chickadees (Bronson et 
al. 2005), and genetic incompatibilities in male flycatchers (Ficedula albicollis and F. 
hypoleuca; Svedin et al. 2008). The evaluation of fitness differences between admixed 
individuals divided into specific genotypic classes (F1, F2 etc.), however, generally 
results in an observable pattern where some classes are more or less fit then others 
(Arnold 1997). A review of studies measuring fitness in plant and animal hybrids found 
that of 37 comparisons, there were 27 cases in which hybrids were more fit than at least 
one of the parents (Arnold & Hodges 1995). The same review also found that certain 
genotypic categories of hybrids were more likely to show fitness effects then others: 
genotypes more similar to a parental type only showed reduced fitness in 12% of the 
cases whereas truly intermediate genotypes showed reduced fitness in 56% of the cases. 
When heterosis does occur, hybrid vigor can be short-lived, as F2 and backcrossed 
individuals typically show higher rates of mortality (Wu & Palopoli 1994). Therefore, 
differences in the abundance of F1 versus F2 hybrids can be indicative of reduced fitness 
over time (Kahilainen 2011).  
 Fitness effects associated with hybridization can also be sex-biased. This 
occurrence is described by Haldane’s rule, which states that hybrid sterility and 
inviability will evolve faster in the heterogametic sex (Haldane 1922). One explanation 
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for Haldane’s rule (and the only applicable theory to avian systems) is posed by the 
dominance theory (Muller 1940; Orr 1997), which suggests that epistatic loss-of-function 
alleles responsible for hybrid breakdown are recessive. As a result, the expression of X-
linked (or Z-linked in the case of birds) incompatibility genes will be greater in the 
heterogametic sex, manifesting in differential selection and skewed sex ratios in hybrid 
populations (Haldane 1922). In a review of 223 cases of sex-specific hybrid sterility and 
115 cases of sex-specific hybrid inviability in a range of animal systems, Haldane’s rule 
held for 99% and 90% of the cases, respectively (Turelli 1998). In avian systems 
specifically, Haldane’s rule has been documented in hybrid zones between species of 
flycatchers (Saetre et al. 2003; Borge et al. 2005), Orioles (Jacobsen & Omland 2012), 
crows (Saino & Villa 1992), scrub jays (Gowen et al. 2014), and two species of buntings 




 My dissertation combines genetic and ecological methods, including an 
evaluation of morphological variation in sympatric marshes, field estimates of survival 
and reproductive success, geographic and genomic cline analyses using multiple 
morphological and genetic markers, habitat assessments, and ecological niche modeling 
to evaluate hybrid zone stability and identify mechanisms responsible for maintaining the 
Saltmarsh-Nelson’s sparrow hybrid zone. Accordingly, each chapter of this work 
examines a suite of exogenous and endogenous forces and evaluates the relative 
contribution of these mechanisms for shaping species interactions in this system. In 
Chapter 1, I evaluate the variation in plumage and morphometric data across the hybrid 
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zone. I compare morphological and genetic data to determine whether there is an 
identifiable, intermediate phenotype and whether morphological data is reliable for 
identifying admixed individuals in the field. In Chapter 2, I explore the genetic structure 
of the hybrid zone, by characterizing genetic variation and the distribution of hybrids, and 
I estimate the width and the center of zone. I also compare rates of introgression among 
multiple genetic markers and morphological traits, using cline analyses, to evaluate 
patterns of selection and identify traits that may be important in reproductive isolation. In 
Chapter 3, I evaluate whether the distribution of pure and hybrid genotypes can be 
explained by local marsh characteristics. I use ecological niche models and linear 
regression models to correlate variation in genotypes with variation in habitat across the 
hybrid zone. In Chapter 4, I investigate differential fitness among pure and hybrid 
females monitored at three sites over three years. I evaluate differences in parameters, 
including clutch size, hatching success, fledging success, and offspring quality among 
females belonging to pure and hybrid genotypic classes. Finally, in Chapter 5, I 
investigate temporal patterns in the Saltmarsh-Nelson’s sparrow hybrid zone. I compare 
morphological and genetic data between individuals sampled from the same sites – once 





RELATIONSHIP OF PHENOTYPIC VARIATION AND GENETIC ADMIXTURE IN THE 




Hybridization is influential in shaping species’ dynamics and has many evolutionary and 
conservation implications. Identifying hybrid individuals typically relies on morphological data; 
however, the assumption that hybrids express intermediate traits is not always valid due to 
complex patterns of introgression and selection. We characterized phenotypic and genotypic 
variation across a hybrid zone between 2 tidal-marsh birds, Saltmarsh (Ammodramus 
caudacutus) and Nelson’s (A. nelsoni) sparrows (n = 290), and we sought to identify 
morphological traits that could be used to classify admixed individuals. Sparrows were sampled 
from a total of 34 marshes, including 23 sympatric and 11 putatively allopatric marshes. Each 
individual was scored at 13 plumage traits and standard morphometric data were collected. We 
used genotyping analysis at 24 microsatellite loci to categorize individuals into genotypic classes 
of pure, F1/F2, or backcrossed. Genetic data revealed that 52% of individuals sampled along the 
geographic transect were of mixed ancestry, and the majority of these were backcrossed. Traits 
related to the definition of plumage features (streaking, crown, and face) showed less overlap 
between genotypic classes than traits related to the amount or color of plumage features. While !
1 Jennifer Walsh, W. Gregory Shriver, Brian J. Olsen, Kathleen M. O’Brien, & Adrienne I. 
Kovach. In press – 2015, The Auk Ornithological Advances, Volume 132 
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morphological data performed well in distinguishing between the two taxa, pure and backcrossed 
individuals of each parental type could not be distinguished due to substantial overlap in 
plumage and morphology. We conclude that the discrimination of pure and hybrid individuals is 
not possible in the absence of genetic data. Our results have implications for conservation of pure 
populations, as extensive backcrossing throughout the hybrid zone may present challenges for 
monitoring pure species identified by morphology alone 
Keywords: Ammodramus caudacutus, Ammodramus nelsoni, hybridization, morphological 




 Hybridization, or the crossing of genetically distinguishable groups of taxa (Mallet 2005), 
has long been a topic of interest for biologists. Hybridization occurs frequently in nature (Arnold 
1997, Mallet 2005) and is particularly common in avian systems where it has been documented 
in ~10% of bird species (Grant and Grant 1992, Mallet 2005, Randler 2006). Hybridization can 
result in genetic exchange between species and the introgression of foreign alleles into parental 
populations (Mallet 2005), a process that can introduce both variation and novelty into a system 
(Rheindt and Edwards 2011, Abbott et al. 2013). Rates of introgression are highly variable 
among loci indicating that the degree of reproductive isolation varies across the genome (Baack 
and Rieseberg 2007, Payseur 2010, Gompert et al. 2012). Depending on the selective forces at 
work, hybrid zones may be highly permeable to “neutral” genomic regions but act as strong 
filters for regions that play a role in reproductive isolation (Payseur 2010, Gompert et al. 2012, 
Baldassarre et al. 2014). Depending on the patterns of selection on phenotypic traits, differential 
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introgression can lead to discordance between genetic markers and phenotype as indices of 
hybridization. 
 Detection of hybrids often relies on morphological characteristics (Allendorf et al. 2001, 
Mallet 2005). The use of phenotypic traits for hybrid identification broadly assumes that hybrids 
display intermediate characteristics compared to parental individuals (Allendorf et al. 2001). Yet, 
as a result of differential rates of introgression, hybrids may express a mosaic of parental traits, 
be indistinguishable from parental forms (Allendorf et al. 2001), or display extreme phenotypes 
compared to parental forms (i.e., transgressive segregation; Seehausen 2004). Further, extensive 
backcrossing can result in a continuous gradient of phenotypes across a hybrid zone as opposed 
to a clear intermediate form (Gay et al. 2008). These processes pose challenges for the 
identification of hybrid individuals based solely on morphology. In cases of morphologically 
similar sister species, intermediates may not be obvious, and identifying admixed individuals is 
best approached through a combination of multiple independent traits (Sattler and Braun 2000). 
To this end, neutral genetic markers offer an easily obtainable suite of traits to distinguish pure 
from admixed individuals. Comparing variation in neutral markers to that in phenotypic traits 
can help quantify the extent and direction of introgression and identify traits under selection and 
involved in reproductive isolation (Brumfield et al. 2001, Mettler and Spellman 2009, 
Baldassarre et al. 2014).  
Saltmarsh (Ammodramus caudacutus) and Nelson’s (A. nelsoni) sparrows are an example 
of hybridizing taxa for which hybrid identification has been challenging; consequently, the 
extent of genetic introgression has been difficult to quantify in this system. Both species breed in 
coastal marshes. A subspecies of Nelson’s Sparrow (A. n. subvirgatus) breeds in marshes from 
coastal Québec to northeastern Massachusetts and a subspecies of Saltmarsh Sparrow (A. c. 
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caudacutus) breeds from Maine to New Jersey (Greenlaw and Woolfenden 2007). Range overlap 
between what appear to be morphologically pure Nelson’s and Saltmarsh sparrows occurs from 
the Weskeag River in Maine (44º04.60’N 69º08.66’W) to the northeast shore of Massachusetts 
(42º77.42’N 70º80.86’W; Rising and Avise, 1993, Hodgman et al 2002).  
There are observable differences in plumage and morphology between the 2 species 
(Greenlaw 1993, Shriver et al. 2005). Saltmarsh Sparrows have more vibrant plumage color with 
more defined, dark chestnut streaking patterns on the breast and flanks, a bright orange face 
patch and a dark chestnut back. They are also larger than Nelson’s Sparrows and have a longer, 
thinner bill. Comparatively, Nelson’s Sparrows are duller in color and have less defined, washed-
out gray streaking on the breast and flanks. The face is dull yellow with less definition between 
the supercilium and auriculars, and there is less color variation in the plumage overall. In 
addition to being smaller in size, Nelson’s Sparrows have a shorter, thicker, blue-colored bill. 
Based on this morphological variation, researchers have utilized plumage score cutoffs to assign 
individuals to pure and admixed categories in the field. Plumage differences are subtler, however, 
within the overlap zone and plumage intermediacies are not always apparent in sympatric 
populations (Walsh et al. 2011).  
Previous investigation of hybridization in Saltmarsh-Nelson’s Sparrows is limited. 
Shriver et al. (2005) found a concordance between genotypic and phenotypic variation in hybrid 
sparrows from 3 sympatric marshes in the northern and mid-portion of the overlap zone 
(Weskeag, Scarborough and Webhannet, Maine) and suggested that hybrids occur wherever the 
2 species are sympatric. Later work by Walsh et al. (2011) documented Nelson’s-specific 
mitochondrial DNA in 8% of individuals identified morphologically as Saltmarsh Sparrows, with 
a relatively high proportion of introgressed individuals in the southern portion of the overlap 
! 21!
zone and one introgressed individual as far south as Rhode Island. The lack of a single 
intermediate phenotype in the individuals identified with Nelson’s mitochondrial DNA suggests 
successful backcrossing, which appears to be more likely with pure Saltmarsh Sparrows (Shriver 
et al. 2005, Walsh et al. 2011, Kovach et al. in press). Morphometric and plumage variation can 
reliably differentiate pure Saltmarsh and Nelson’s sparrows (Shriver et al. 2005), but whether 
these phenotypic traits can provide a reliable approach for identifying hybrids remains unknown. 
 Depending on backcrossing rates and patterns of selection on morphology, the 
introgression of phenotypic traits across the Saltmarsh-Nelson’s hybrid zone may or may not 
mirror genotypic patterns. The limited understanding of hybrid phenotypes may thus present 
challenges for effective monitoring of pure populations of both taxa. This warrants consideration, 
as both species are a high conservation priority in the northeastern United States (USDI 2008), 
and the Saltmarsh Sparrow is considered globally vulnerable to extinction (IUCN Red List 
criteria; Birdlife International 2004). As such, a clearer understanding of genetic and phenotypic 
variation in the hybrid zone may aid conservation management. To this end, our objectives in 
this study were to: 1) characterize patterns of phenotypic variation across the entirety of the 
Saltmarsh-Nelson’s hybrid zone; 2) evaluate concordance between genotypic and phenotypic 
patterns; 3) identify traits that are most useful in differentiating between the 2 species and assess 




Sample Collection and Morphological Data 
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 To capture the full extent of phenotypic and genotypic variation across the hybrid zone, 
we sampled Saltmarsh and Nelson’s sparrows, and their hybrids, during the breeding seasons 
(June – August) of 2012 and 2013 from 34 marshes in the northeastern United States (Figure 1). 
We sampled sympatric marshes (n = 23) within the previously documented overlap zone (South 
Thomaston, Maine to Newburyport, Massachusetts; Hodgman et al. 2002) and putative allopatric 
marshes to the North (n = 4) and South (n = 7) of the overlap zone (based on morphology, song, 
and previous surveys; Hodgman et al. 2002). We deployed 3 to 6 12-m mist nets with 30 mm 
mesh to capture a target sample of 10 birds from each site. We scored each individual sparrow 
for 13 plumage traits developed for evaluating levels of phenotypic introgression (Shriver et al. 
2005). Plumage traits include bill color (upper mandible ranging from yellow to blue), the color 
(ranging from orange to yellow) and definition (separation between supercilium, auriculars, and 
eye-stripe) of the face, and the color of the back (ranging from chestnut to grey), the width and 
definition of the whisker line and crown, and the amount and definition of the streaking on the 
breast and flanks. All color scores were assessed visually in the field against written descriptions 
based on the past success of this method in these species (Shriver et al. 2005). Plumage scores 
for each individual trait ranged from 1 – 5, with lower numbers representative of Nelson’s 
Sparrows and higher numbers representative of Saltmarsh Sparrows. Thus the final plumage 
score ranged from 13 (pure Nelson’s Sparrow) to 65 (pure Saltmarsh Sparrow; Shriver et al. 
2005). We used pre-defined cutoffs for the plumage scores (modified slightly from those used in 
Shriver et al. 2005) to classify individuals in the field as Nelson’s Sparrows (scores of 13 – 31), 
hybrids (32 – 45), and Saltmarsh Sparrows (46 – 65). While Shriver et al. (2005) placed the cut-
off for pure Saltmarsh Sparrows at >55, we found this criterion to be narrow given the observed 
variation in the field, and our modified cut-offs provided a more even range of possible scores 
! 23!
for each category. We used digital calipers to measure tarsus length, bill width, depth, and length 
(nares to tip; mm), a wing-chord ruler to measure unflattened wing chord (mm), and a digital 
scale to measure weight (to the nearest 0.1 g). Blood samples (10 – 20 µl) were drawn from the 
brachial vein and collected on Nobuto blood filter strips (Sterlitech, Kent, Washington, USA) 
and stored at room temperature for later genetic analysis. Sampling was conducted in accordance 
with the Institutional Animal Care and Use Committee of the University of New Hampshire 
(100605, 130604).  
 
Genotyping, Admixture Analysis, and Identification of Genotypic Classes 
 
 We extracted DNA from blood samples using a DNeasy blood Kit (Qiagen, Valencia, 
California, USA) according to manufacturer protocol. DNA was amplified using 24 
microsatellite loci: Ammo001, Ammo002, Ammo003, Ammo006, Ammo008, Ammo012, 
Ammo015, Ammo016, Ammo017, Ammo020, Ammo023, Ammo027, Ammo028, Ammo030, 
Ammo034, Ammo036 (Kovach et al. in press), Escµ1 (Hanotte et al. 1994), Asµ15, Asµ18 
(Bulgin et al. 2003), Aca01, Aca04, Aca05, Aca08, and Aca12 (Hill et al. 2008). Four 15-25 µl 
multiplexed polymerase chain reactions were performed containing 2 µl of eluted genomic DNA, 
0.1 – 0.7 µM of each dye-labeled primer, 2.0 mM MgCl2, 1X PCR buffer (Promega, Madison, 
Wisconsin), 0.12 mM of deoxyribonucleotides, and 1 unit of Taq DNA polymerase (Promega). 
Cycling conditions for the Hanotte et al. (1994), Bulgin et al. (2003), and Hill et al. (2008) 
primers followed Walsh et al. (2012). Cycling conditions for the Ammo primers were as follows: 
25 cycles of 94°C for 30 s, 56-60°C for 45 s, 72°C for 1 min, and a final extension step at 72°C 
for 5 min. Amplified products were electrophoresed on an automated DNA sequencer (ABI 3130 
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Genetic Analyzer: Applied Biosystems, Foster City, California, USA) and individual genotypes 
were scored manually using PEAKSCANNER software (Applied Biosystems).  
 To quantify genetic admixture, we calculated hybrid index and interspecific 
heterozygosity in the R-package introgress (Gompert and Buerkle 2009, 2010). Calculating 
hybrid index requires a priori definition of pure individuals of each parental species. In doing so, 
we took a conservative approach to minimize the potential for including introgressed individuals 
in our parental samples; we defined pure individuals as those sampled from allopatric 
populations >115 km north and south of the currently recognized overlap zone.  This included 28 
Nelson’s Sparrows from 3 sites (Narraguagus river and north) and 32 Saltmarsh Sparrows from 4 
sites (Waquoit Bay and south; Figure 1).  
 For each sparrow sampled from the remaining 27 sites in our geographic transect, we 
calculated a hybrid index, defined as the proportion of alleles inherited from the Saltmarsh 
Sparrow (0 = pure Nelson’s Sparrow and 1 = pure Saltmarsh Sparrow). We then estimated 
interspecific heterozygosity, defined as the proportion of genotypes that are heterozygous for the 
parental alleles (0 = all homozygous genotypes and 1 = all heterozygous genotypes). Using the 
combination of hybrid index and interspecific heterozygosity, we assigned sparrows to genotypic 
classes following the methods of Milne and Abbott (2008). Briefly, individuals with intermediate 
hybrid index (0.25 – 0.75) and high heterozygosity (>0.3) were considered recent-generation 
hybrids (F1, F2), and individuals with low hybrid index <0.25 or >0.75) and low heterozygosity 
(<0.3) were considered backcrossed. We considered individuals to be pure if they had a hybrid 
index of 0 – 0.05 (Nelson’s Sparrow) or 0.95 – 1 (Saltmarsh Sparrow). This method is similar to 
the approach implemented in NewHybrids (Anderson and Thompson 2002) but requires fewer 
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assumptions (i.e., markers are unlinked and not subject to selection; Milne and Abbott 2008, 
Hamilton et al. 2013).  
 
Correlating Phenotypic Variation with Genotype 
 
 To evaluate patterns of variation in admixed populations, we first compared the average 
and range of morphological traits between allopatric (only the 7 populations that were >100 km 
from the hybrid zone edge) and sympatric groups (including the 4 populations within 100 km of 
the hybrid zone edge) separately. To explore the utility of each phenotypic trait for describing 
introgression patterns, we tested for differences between males and females of each species in 
individual structural measurements and plumage categories using 2-tailed student’s t-tests. To 
evaluate significance, we applied a Bonferroni adjustment of P = 0.0026 for α = 0.05 across 19 
tests. While there is not pronounced sexual dimorphism in either species (Greenlaw and Rising 
1994, Shriver et al. 2011), we detected enough differences between males and females in both 
structural (significant differences in 3 out of 6 measurements) and plumage (significant 
differences in 7 out of 13 traits) measurements to warrant separating them for all further tests.  
 In addition to evaluating overall plumage score as a predictor of admixture, we aimed to 
assess the utility of individual traits. To accomplish this, we used linear regression to evaluate 
how well each individual plumage trait predicted individual genotypes (hybrid index) and to 
identify the traits that were most informative in differentiating among the groups. We used 
ANOVA and a Tukey’s post-hoc test to test for differences in univariate morphometric and 
overall plumage score among the 5 genotypic classes (significance testing was performed using a 
Bonferroni correction for multiple tests). Based on visual assessment of histograms, the 
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distribution of all morphometric measurements and the overall plumage score did not deviate 
from normality. We used a Linear Discriminant Analysis (LDA) to evaluate the relationship 
between genotype and phenotype, and we assessed the accuracy of individual classification to 
the 5 genotypic classes based on plumage and morphometric measurements. We used a leave-
one-out classification to validate the accuracy of the resulting LDA functions. All statistical 




 We collected blood samples from 290 individuals (99 females and 191 males) across the 
34 study marshes and the full set of morphometric measurements and plumage scores from 254 
individuals (89 females and 165 males) across 31 marshes (see Fig. 1). All 290 individuals were 
genotyped at 24 microsatellite loci; 4 individuals (1.4%) had missing data for no more than two 
loci. Of the 290 individuals sampled, we identified 51 pure Nelson’s (18%), 44 backcrossed 
Nelson’s (15%), 8 F1/F2 hybrids (3%), 98 backcrossed Saltmarsh (34%), and 89 pure Saltmarsh 
individuals (30%; Figure 2). These distributions include the individuals we assigned to genotypic 
classes based on their hybrid index and intraspecific heterozygosity scores, as well as the 60 
allopatric individuals we assumed to be genetically pure (see methods). The F1 and F2 
individuals were dropped from subsequent analyses due to the small sample size.  
Variation in plumage was greater within sympatric populations compared to allopatric 
populations (Figure 3). Overall plumage score ranged from 16 – 41 (mean ± S.D.: 27.4 ± 4.9) in 
sympatric Nelson’s Sparrows (genotypically pure and backcrossed individuals) compared to 18 – 
30 (22.9 ± 3.3) in allopatric Nelson’s Sparrows. In sympatric Saltmarsh Sparrow populations, 
! 27!
overall plumage score ranged from 34 – 56 (46.5 ± 4.1) compared to 43 – 58 (50 ± 4) in 
allopatric populations. Structurally, females were smaller than males for all 4 genotypic classes, 
with significant differences in weight, wing chord, and tarsus (t = 1.97, P < 0.001). Female 
plumage scores were greater than male plumage scores for all 4 genotypic classes (2-tailed 
student’s t-test: t = 1.97, P < 0.001). In allopatric Saltmarsh Sparrow populations, female 
measurements were smaller than males for wing chord (t = 2.09, P < 0.001), weight (t = 2.11, P 
= 0.002), and tarsus (t = 2.09, P = 0.003); we were unable to test for differences between males 
and females in allopatric Nelson’s Sparrows due to small female sample size (n = 3). In 
allopatric Saltmarsh Sparrow populations, female plumage scores were also significantly greater 
than male plumage scores (2 tailed student’s t-test: t = 2.08, P < 0.001). 
 For assessing the utility of individual traits in predicting genotype, we report results for 
the four genotypic classes (pure Nelson’s, backcrossed Nelson’s, backcrossed Saltmarsh, and 
pure Saltmarsh) across allopatric and sympatric sites. Of the individual plumage traits (males and 
females), most of the traits associated with definition of plumage feature (malar, crown, breast, 
and flank streaking definition) consistently showed less overlap among the genotypic classes 
compared to other traits (largely related to amount and color of feature, e.g., crown and maler 
width, streaking amount, back color; Figure 4). More specifically, definition of streaking in the 
breast and flanks were more strongly correlated with genotype (r = 0.67 and 0.66, respectively) 
than were the amount of streaking (r = 0.26 for breast and r = 0.33 for flanks). Similarly, crown 
definition showed a slightly stronger correlation with genotype (r = 0.61) than did crown width 
(r = 0.50) and maler definition was more strongly correlated with genotype (r  = 0.69) than maler 
width (r = 0.35). Bill color (r = 0.85) and face color (r = 0.60) also showed a strong correlation 
with genotype (Figure 4). Of the morphometric features, we found little difference between the 2 
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species in tarsus length, bill height, or bill width (bill width in pure Nelson’s males was one 
exception to this; Table 1). However, we did detect slight differences in wing chord (52 – 60mm 
for pure Nelson’s Sparrows and 53 – 61 mm for pure Saltmarsh Sparrows) and bill length (10.7 – 
13.1 mm for pure Nelson’s Sparrows and 11.0 – 14.1 mm for pure Saltmarsh Sparrows) between 
pure individuals (Table 1). Of the structural measurements, male weight showed the least overlap 
between pure Nelson’s (weight ranging from 14.9 – 19.2 g) and pure Saltmarsh (weight ranging 
from 18.9 – 23.9 g) individuals. Male plumage score showed no overlap between pure Nelson’s 
(plumage score ranging from 18 – 30) and Saltmarsh (plumage score ranging from 37 – 54) 
individuals (Table 1). Similarly, there was no overlap in female plumage scores (ranging from 20 
– 32 for pure Nelson’s and 43 – 58 for pure Saltmarsh) but we did detect slight overlap in female 
weights (ranging from 14.7 – 18.2 g for pure Nelson’s and 16.0 – 21.8 g for pure Saltmarsh). For 
both sexes, backcrossed Nelson’s were more similar to pure Nelson’s Sparrows and backcrossed 
Saltmarsh were more similar to pure Saltmarsh Sparrows based on the 3 most informative 
structural measurements (bill length, wing chord, and weight) and plumage scores (Table 1). 
Pure and backcrossed individuals were very similar in morphometric traits, however, pure and 
backcrossed Nelson’s groups differed in plumage score for both sexes and pure and backcrossed 
Saltmarsh groups differed in plumage for males. This is consistent with the increased variation 
observed in plumage scores across sympatric populations, which may be driven by the increased 
range in plumage scores of backcrossed individuals.  
 The LDA separated pure and backcrossed Nelson’s from pure and backcrossed Saltmarsh 
Sparrows along the first linear discriminant (99% of the variation explained by axis 1 and 1% 
explained by axis 2) for both male and female groups, but did not discriminate between pure and 
backcrossed individuals within the 2 species (i.e., pure Nelson’s versus backcrossed Nelson’s or 
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pure Saltmarsh vs. backcrossed Saltmarsh; Figure 5). Results from the LDA indicated that 
overall bill size, weight, and plumage score were most informative in differentiating among 
males, whereas, wing chord, bill length, weight, and plumage score were informative for females 
(Table 2). Classification accuracy for the 4 genotypic classes ranged from 64% to 74% (males) 
and 63% to 73% (females; Table 3). For genetically pure individuals, 74% (males) and 69% 
(females) of Nelson’s and 67% (males) and 70% (females) of Saltmarsh Sparrows were 
classified correctly based on morphology. Classification accuracy was similar for backcrossed 
individuals and ranged from 64 (males) – 73% (females) for backcrossed Nelson’s and 63 
(females) – 64% (males) for backcrossed Saltmarsh. When misclassifications occurred for both 
males and females, pure Nelson’s individuals were consistently misclassified as backcrossed 
Nelson’s Sparrows and vice versa, and pure Saltmarsh individuals were consistently 
misclassified as backcrossed Saltmarsh Sparrows or vice versa (i.e., there was only one instance 
where a single backcrossed Nelson’s female was classified as a backcrossed Saltmarsh). Despite 
a clear separation between Nelson’s and Saltmarsh groups, even the most informative 
morphological variables performed poorly when classifying backcrossed individuals or 
distinguishing pure from backcrossed individuals of either parental species. Substantial overlap 
of canonical scores among pure and backcrossed individuals indicated that even the top variables 
identified by the LDA were poor predictors of genetic admixture (Figure 4). 
 
Discussion !
 Thorough sampling of the Nelson’s-Saltmarsh sparrow hybrid zone revealed substantial 
variation in plumage within sympatric populations. This is consistent with current theory, which 
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predicts that phenotypic variation will be greatest in hybrid zones compared to the variation 
found in allopatric populations (Barton and Hewitt 1985, Seehausen 2004). This increased 
variation can arise when hybridization and introgression creates novel recombinants between 
parental taxa (Buerkle and Lexer 2008) or complex mosaics of parental phenotypes (Allendorf et 
al. 2001). Based on our genetic findings, hybridization and backcrossing appear to be frequent 
between Nelson’s and Saltmarsh sparrows, which is congruent with the phenotypic variation 
observed in our study area. We documented a high proportion of admixed individuals (52%) 
among our sampled marshes but an overall deficit of recent generation (F1/F2) hybrids, with 
only 3% (n = 8) of sampled individuals assigned to the F1/F2 category. A low frequency of 
F1/F2 individuals is indicative of an advanced generation hybrid zone characterized by high rates 
of recombination and limited reproductive isolation between 2 species (Culumber et al. 2010, 
Hamilton et al. 2013). Given the recent divergence between Nelson’s and Saltmarsh sparrows 
(~600,000 years; Rising and Avise 1993), coupled with the typically slow rate of evolution of 
postzygotic incompatibilities in birds (Price and Bouvier 2002), a finding of frequent 
backcrossing events in this system is not unexpected.  
 While we observed greater phenotypic variation in sympatry than allopatry, overall 
morphological similarities between pure and backcrossed parental groups posed a challenge for 
accurate hybrid identification in the field. We failed to identify any clear intermediate phenotype 
for hybrids, and found that backcrossed individuals were typically indistinguishable from the 
more genetically similar parental species based on plumage and morphometrics alone. The use of 
linear discriminant analysis to assign individuals to genotypic classes using phenotypic traits 
resulted in only moderate classification accuracy for all individuals, averaging 68%, and we 
found substantial overlap in canonical scores for pure and backcrossed individuals within the 
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same taxonomic group (i.e., pure Nelson’s compared to backcrossed Nelson’s). Comparison of 
our plumage-based field ID protocol (scores <32 = Nelson’s Sparrow, 32 – 45 = hybrid, >45 = 
Saltmarsh Sparrow) to the assigned genotypic classes revealed similarly low accuracy in hybrid 
identification. Fifty percent of genetically admixed (backcrossed) individuals were identified as 
“pure” Nelson’s or Saltmarsh sparrows in the field. These results indicate that hybrid 
identification in the absence of genetic data will likely result in a substantial overestimation of 
the proportion of genetically “pure” individuals within a population. Of the 60 individuals we 
assumed to be genetically pure, 58 (28 Nelson’s Sparrows and 30 Saltmarsh Sparrows) fell 
within the defined plumage cut offs for morphologically pure individuals; the 2 remaining 
individuals fell within 2 points of the cutoff for pure Saltmarsh Sparrows. This confirms earlier 
work that plumage scores are reliable for differentiating the parental species (Shriver et al. 2005), 
at least in allopatric populations.  Within sympatric populations, plumage scores were more 
reliable for pure than backcrossed individuals, with fewer genotypically pure individuals (26% 
compared to 50%) misclassified as hybrids in the field. We suggest that high variation in 
phenotype of backcrossed individuals is leading to more frequent misclassification of admixed 
versus pure individuals. Although classification accuracy from linear discriminant analysis of 
morphological features was unable to differentiate between pure and backcrossed individuals 
within a group, it was consistently accurate at distinguishing individuals between the two groups 
(Nelson’s or Nelson’s-like hybrids were easily differentiated from Saltmarsh or Saltmarsh-like 
hybrids), suggesting that plumage and morphometrics are reliable for differentiating between the 
two groups in the field.  
 The strength of correlation with genotype varied among the phenotypic traits. Of the 13 
plumage features examined, the traits associated with plumage definition (darkness, uniformity, 
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and clearness of the streaks found on the breast and flanks, along with the definition of the crown 
and face) consistently displayed a stronger correlation with genotype than traits associated with 
the amount of streaking on breast or flanks, the width of the whisker line and crown, or back 
color. Reduced introgression of certain morphological traits suggests that selection (pre- or post-
mating) is acting within the Nelson’s-Saltmarsh sparrow hybrid zone. While we cannot explicitly 
test hypotheses related to selective mechanisms in this study, variation in habitat, behavior, and 
mating strategy provide a means for both natural and sexual selection to maintain species 
boundaries within this system. 
 The darkness and definition of streaking patterns observed in Saltmarsh Sparrows may 
serve a convergent ecological function among tidal-marsh birds (Greenberg and Droege 1990, 
Grenier and Greenberg 2006). Higher levels of melanin have been documented in a range of tidal 
marsh vertebrates (reptiles, mammals, and birds) in comparison to closely related upland and 
freshwater taxa (Grinnell 1913, Greenberg and Droege 1990, Grenier and Greenberg 2006, Olsen 
et al. 2010). Darker plumage has been suggested to reduce predation risk (Grenier and Greenberg 
2006) while serving an important role in resisting both the mechanical (Roulin 2007) and 
bacterial degradation (Goldstein et al. 2004) of plumage, which may be more pronounced in 
saltmarsh environments (Peele et al. 2009). Although Saltmarsh and Nelson’s sparrows occupy 
the same habitats where sympatric along the Atlantic coast, Nelson’s Sparrows also inhabit less 
tidal, brackish marshes as well as upland habitats, including grasslands and hayfields (Nocera et 
al. 2007), whereas the Saltmarsh Sparrow is exclusively restricted to salt marshes for all aspects 
of its life cycle (Greenlaw 1993). Habitat differences between Nelson’s and Saltmarsh sparrows 
coupled with the hypothesized benefits of increased melanin may result in stronger selection for 
darker plumage in Saltmarsh Sparrows, thus explaining the observed patterns.  
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 Conversely, the observed differences in structural measurements between Nelson’s and 
Saltmarsh sparrows may be partially driven by sexual selection. Both species exhibit an unusual 
mating system among emberizines, characterized by non-territoriality, lack of male parental care, 
and high levels of promiscuity (Greenlaw 1993, Hill et al. 2010). However, they differ in their 
mating tactics. Nelson’s Sparrow males spend substantial time mate guarding and have a more 
distinctive song and flight display for attracting females (Greenlaw 1993, Shriver et al. 2007, 
2010). Saltmarsh Sparrows are highly polygamous and exhibit a scramble competition mating 
system whereby males search for and attempt to mate with multiple receptive females (Greenlaw 
and Rising 1994, Hill et al. 2010). These differences in mating strategy may drive size 
differences between male Saltmarsh and Nelson’s sparrows. The scramble competition mating 
system of the Saltmarsh Sparrow results in male-male competition, which should select for large 
body sizes (Greenlaw 1993, Andersson 1994, Fairbairn and Preziosi 1994, Szèkely 2004). In 
contrast, Nelson’s Sparrow males perform frequent flight displays, which should select for a 
smaller, more acrobatic body size (Szèkely 2004, Byers et al. 2010). Based on these differences, 
intermediately sized males would be at a disadvantage both in terms of aerial displays and direct 
male-male competition; selection against intermediately sized males may thus act as a potential 
source of reproductive isolation between these 2 species.   
 Consistent phenotypic patterns provide useful information for identification of pure 
Nelson’s and Saltmarsh sparrows in the field. Overlap in morphological features between 
admixed and pure individuals is too substantial, however, to distinguish between backcrossed 
and pure sparrows in the absence of genetic data. The inability to distinguish between pure and 
admixed individuals within sympatric populations may pose conservation challenges, as we are 
still unsure of the impacts of extensive hybridization and introgression in this system. 
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Hybridization and introgression can lead to harmful effects on the viability of a focal species, 
including hybrid swarms, reduced reproductive success, and outbreeding depression, and these 
events can be particularly problematic when one species is less abundant than the other (Rhymer 
and Simberloff 1996, Allendorf et al. 2001, Buggs 2007). Despite these potentially negative 
outcomes, introgression can also lead to adaptive gene combinations within admixed populations 
(Mallet 2005), resulting in the introduction of genetic novelty into a system, and may increase 
the adaptive potential of a population (Rheindt and Edwards 2011). Future studies of adaptive 
genetic variation, such as is possible with current genome sequencing technologies, may provide 
insight into the potential role of introgression in adaptive capacity in this system.  
Given the uncertain outcomes of hybridization, effective monitoring of hybridizing 
populations of Saltmarsh and Nelson’s sparrows is important, as both species are a high 
conservation priority in the northeastern United States (USDI 2008) and the Saltmarsh Sparrow 
is considered globally vulnerable to extinction (IUCN Red List criteria, Birdlife International 
2004). Based on our current knowledge, the hybrid zone constitutes ~15% of the global 
Saltmarsh Sparrow range and may pose a greater threat to this species by limiting the range of 
genetically “pure” populations of Saltmarsh Sparrows. Furthermore, we found evidence for 
introgression beyond the boundaries of the currently hypothesized overlap zone, suggesting that 
the range of genetically “pure” Saltmarsh Sparrows may be smaller than currently believed. 
Discriminating pure and admixed individuals is critical for monitoring hybrid zone dynamics – 
i.e., whether the zone is stable, shifting or expanding over time.  
To aid in population monitoring, we recommend that future field studies within the 
hybrid zone include the collection of blood or feathers for genetic identification of pure and 
admixed sparrows. When in the field, particularly in sympatric populations, closer observation of 
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the darkness and definition of plumage traits (particularly on the flanks and breast) may aid in 
pure species identification. Weight and bill length are also informative for discriminating 
between pure Nelson’s and Saltmarsh sparrows. While these traits may not aid in hybrid 
identification, they may provide an easy way to confirm species identification in the field (i.e., 
discriminate Saltmarsh and backcrossed Saltmarsh from Nelson’s and backcrossed Nelson’s); 
this is particularly helpful in marshes near the center of the hybrid zone where species 
identification can be challenging. Further, due to extensive backcrossing, admixture should be 
expected within the hybrid zone regardless of morphology. Therefore, genetic analyses will be 
necessary when discrimination of pure and admixed individuals is an important goal. In such 
cases, we recommend a target of sampling 10 - 15 birds per marsh, as in our experience this can 
be accomplished within a single day and leads to a diverse sample of individuals per site. Lastly, 
careful plumage scoring and the collection of genetic data may be most informative outside of 
the hybrid zone, in populations that neighbor the northern and southern edges, where detecting 
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Figure 1.1. The location of 34 marshes (numbered from North to South) along the northeastern 
coast of the United States where Saltmarsh and Nelson’s sparrows were sampled. Triangles 
represent 4 putatively allopatric Nelson’s populations and squares represent 7 putatively 
allopatric Saltmarsh populations. For the purpose of defining “pure” individuals for admixture 
analyses, we used only individuals from sites in grey (28 Nelson’s Sparrows and 32 Saltmarsh 
Sparrows from populations >100 km from the hybrid zone edge). Circles represent 23 marshes 
























































Figure 1.2. Interspecific heterozygosity plotted against hybrid index for 237 individuals sampled 
from sympatric populations (within the current hybrid zone) and 4 populations <100 km from the 
hybrid zone edge. Symbols represent assigned genotypic classes: pure Nelson’s Sparrows (closed 
circles), backcrossed Nelson’s (open circles), recent generation hybrids (F1/F2; triangles), 

























Figure 1.3: Boxplot of overall plumage scores for all sparrows sampled across the geographic 
transect. Allopatric Nelson’s Sparrows are in black, sympatric populations are gray, and 

















Figure 1.4. Boxplot of scores (range of values: 1-5) for the 13 individual plumage traits observed 
in 254 Saltmarsh, Nelson’s and hybrid individuals in this study, distributed across genotypic 
class: pure Nelson’s Sparrow (A), backcrossed in the direction of Nelson’s (B), backcrossed in 
the direction of Saltmarsh (C), and pure Saltmarsh Sparrow (D). R values are provided above 
each plot indicating the strength of the correlation for each plumage trait when regressed against 












































Figure 1.5. Linear discriminant analysis of pure and admixed Nelson’s and Saltmarsh sparrows 
based on morphometric measurements and plumage score. Males and females were pooled 
(based on consistency in LDA results for the 2 groups). Genotypic classes were identified using 
genetic data and are as follows: closed circles (pure Nelson’s Sparrow), closed squares (pure 










Table 1.1. Mean (+ SE) for morphometric and plumage features compared across 4 groups (pure Nelson’s Sparrows, backcrossed 
Nelson’s Sparrows, backcrossed Saltmarsh Sparrows, and pure Saltmarsh Sparrows). Individuals were assigned to groups based on 
genetic data. Values with different letters are significantly different based on a Tukey’s post-hoc test.  
 Pure Nelson’s Backcrossed Nelson’s Backcrossed Saltmarsh Pure Saltmarsh 
Measures 
Males 
 (n = 21) 
Females  
(n = 14) 
Males 
 (n = 27) 
Females 
 (n = 11) 
Males  
(n = 60) 
Females 
 (n = 35) 
Males  
(n = 51) 
Females 
 (n = 27) 
Wing Chord (mm) 57.66 (0.31) B 54.28 (0.31) B 57.60 (0.27) B 55.10 (0.35) B 58.84 (0.18) A 55.63 (0.20) A 59.10 (0.19) A 55.88 (0.23) A 
Weight (g) 17.65 (0.21) B 16.63 (0.41) B 17.80 (0.18) B 17.35 (0.45) B 20.60 (0.12) A 18.98 (0.26) A 20.87 (0.14) A 19.02 (0.30) A 
Tarsus (mm) 21.67 (0.18) A 21.05 (0.21) A 21.61 (0.16) A 21.51 (0.23) A 21.69 (0.12) A 21.06 (0.13) A 21.75 (0.12) A 20.80 (0.15) A 
Culmen (mm) 11.60 (0.11) B 11.77 (0.14) B 11.85 (0.09) B 11.99 (0.16) AB 12.56 (0.06) A 12.41 (0.9) A 12.53 (0.07) A 12.46 (0.11) A 
Bill Width (mm) 4.30 (0.07) B 4.42 (0.08) A 4.54 (0.06) A 4.54 (0.08) A 4.59 (0.04) A 4.58 (0.05) A 4.59 (0.04) A 4.62 (0.05) A 
Bill Height (mm) 5.21 (0.07) A 5.13 (0.10) A 5.14 (0.07) A 5.06 (0.11) A 5.23 (0.04) A 5.17 (0.06) A 5.34(0.05) A 5.19 (0.07) A 
Plumage Score 23.19 (0.84) D 26.64 (0.98) C 26.66 (0.74) C 31.36 (1.11) B 44.40 (0.50) B 48.57 (0.62) A 46.66 (0.54) A 50.74 (0.71) A 42!
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Table 1.2. Scoring coefficients (from LDA1) calculated from linear discriminant analysis 
of morphometric traits and plumage score collected from Nelson’s and Saltmarsh 




(LDA1)   
Variables Males Females 
Weight 0.546 0.136 
Bill Length 0.536 0.216 
Wing Chord 0.053 0.141 
Tarsus -0.194 -0.008 
Bill Width 0.430 -0.526 
Bill Height 0.346 -0.046 
Plumage Score 0.221 0.261 !
!Table 1.3. Pairwise comparisons of classification accuracy for pure and backcrossed categories of Saltmarsh and Nelson’s sparrows 
based on linear discriminant analysis (columns represent predicted). All morphometric measurements were included in the LDA along 
with plumage score. Males and Females are reported separately and bold values along the diagonal indicate the % of individuals 

























Backcrossed Nelson's 64.00% 73.00% 0.00% 9.00% 36.00% 18.00% 0.00% 0.00% 
Backcrossed Saltmarsh 0.00% 0.00% 64.00% 63.00% 0.00% 0.00% 36.00% 37.00% 
Pure Nelson's 26.00% 31.00% 0.00% 0.00% 74.00% 69.00% 0.00% 0.00% 






DIFFERENTIAL INTROGRESSION AND THE MAINTENANCE OF SPECIES 
BOUNDARIES IN AN ADVANCED GENERATION AVIAN HYBRID ZONE1 
 
Abstract 
 The introgression of genetic material across a hybrid zone is shaped by evolutionary 
processes and as a result, hybrid zones are semi-permeable boundaries that prevent the exchange 
of some genes but not others. Differential introgression of molecular or phenotypic markers can 
thus provide insight into factors contributing to reproductive isolation. We characterized patterns 
of genetic variation across a hybrid zone between two tidal marsh birds, Saltmarsh 
(Ammodramus caudacutus) and Nelson’s (A. nelsoni) sparrows (n = 286), and compared patterns 
of introgression among multiple genetic markers and phenotypic traits. Geographic and genomic 
cline analyses revealed variable patterns of introgression between marker types. Most markers 
exhibited gradual clines and indicated that introgression exceeds the extent of the previously 
documented hybrid zone. We found strong selection for loci associated with traits related to tidal 
marsh adaptations including for a marker linked to a gene that functions in a pathway involved in 
osmotic regulation, as well as for a marker related to melanin-based pigmentation, supporting an 
adaptive role of darker plumage (salt marsh melanism) in tidal marshes. Narrow clines at 
mitochondrial and sex-linked markers also offer support for Haldane’s rule. We detected patterns 
of asymmetrical introgression toward A. caudacutus, which may be driven by differences in !
1 Jennifer Walsh, W. Gregory Shriver, Brian J. Olsen, and Adrienne I. Kovach. Manuscript 
prepared for submission to Molecular Ecology 
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mating strategy or differences in population density between the two species. Our findings offer 
insight into the dynamics of a hybrid zone traversing a unique environmental gradient and 
provide evidence for a role of ecological divergence in the maintenance of pure species 
boundaries despite ongoing gene flow.  
Key Words: Ammodramus caudacutus, Ammodramus nelsoni, introgression, genomic clines, 




 Hybrid zones are excellent model systems for evolutionary studies as they provide a 
diversity of recombinant genotypes through generations of mutation, recombination, and gene 
flow (Payseur 2010; Gagnaire 2011). Growing empirical evidence indicates that natural hybrid 
zones occur across a range of taxonomic groups at rates greater than previously estimated 
(Mallet, 2005) and that hybridization and introgression are important forces that can shape the 
evolutionary trajectory of a species (Grant & Grant 1992; Kane et al. 2009; Carneiro et al. 2014). 
Studies of hybridizing taxa that maintain genetic distinction with ongoing gene flow provide 
insight into the speciation process (Abbott et al. 2013; Carneiro et al. 2013) and offer a direct 
measure of reproductive isolation. Because hybrid zone studies allow for the quantification of 
differential patterns of introgression of foreign alleles, hybrid zones provide the opportunity to 
identify the genetic and phenotypic traits influencing species divergence (Gompert et al. 2013).  
 Hybrid zones are thought to be semi-permeable boundaries between genomes where the 
exchange of regions important in maintaining reproductive isolation is prohibited while 
introgression of other regions is permitted (Barton and Hewitt 1981; Harrison 1986; Payseur 
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2010). Loci with no influence on hybrid fitness should display uninhibited movement across a 
hybrid zone, whereas regions underlying local adaptation or that are responsible for genetic 
incompatibilities remain differentiated, often in the presence of gene flow (Payseur 2010; 
Gompert et al. 2013; Baldassarre et al. 2014). Rates of introgression have been found to vary 
among genetic and phenotypic markers across a number of natural hybrid zones (Payseur et al. 
2004; Chatfield et al. 2010; Beysard et al. 2012). These observations have been linked to 
numerous demographic and selective processes, including genetic incompatibilities (Shuker et al. 
2005), ecological divergence (DuBay et al. 2014), differential fitness (Mettler & Spellman 2009), 
and variations in mate preference and behavior (Baldassarre et al. 2014). 
 Sampling a diversity of genetic and phenotypic markers provides an unbiased view of 
introgression and genetic structure across a hybrid zone (Teeter et al. 2008; Yuri et al. 2009). 
Understanding these patterns can offer valuable insight into the mechanisms responsible for 
restricting gene flow across species’ boundaries (Sambatti et al. 2012; Parchman et al. 2013; 
Baldassarre et al. 2014; Larson et al. 2014), as differential introgression may be indicative of 
ecological or evolutionary dynamics in the focal gene regions (Chatfield et al. 2010; Teeter et al. 
2010). For example, neutral microsatellite markers should diffuse freely across the hybrid zone, 
resulting in widespread movement of alleles. Conversely, diagnostic markers are predicted to be 
under divergent selection, exhibiting reduced introgression (Yuri et al. 2009), as the elevated 
divergence typically associated with diagnostic markers suggests association with genomic 
regions under selection (Nielsen et al. 2013). Differential introgression of sex-linked and 
mitochondrial markers relative to nuclear DNA is often attributed to Haldane’s rule, which 
predicts greater fitness reductions in hybrids of the heterogametic sex (Haldane 1922). This 
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pattern has been observed in a number of avian (Saetre et al. 2003; Carling and Brumfield 2008; 
Jacobsen & Omland 2012) and mammalian systems (Payseur et al. 2004).  
Morphological traits also provide insight into extrinsic selection and demographic events 
shaping a hybrid zone (Gay et al. 2008). Bimodal distribution of phenotypes, or an abrupt clinal 
transition, can be indicative of high dispersal, differential selection, hybrid zone movement 
(Buggs 2007; Chatfield et al. 2010), or assortative mating (Dakin 2006; Gay et al. 2008). 
Assessing introgression of secondary sexual characteristics (e.g., plumage) can also aid in 
identifying patterns of asymmetrical introgression (Baldassarre et al. 2014). Divergence in 
plumage characteristics can be particularly important in driving pre-zygotic isolation in birds 
(Edwards et al. 2005), as these traits play an important role in mate selection, providing a range 
of important cues to females including individual and territory quality (e.g., Woodcock et al. 
2005; Olsen et al. 2010) and offspring attentiveness (Siefferman & Hill 2003).  
   Here we investigated patterns of introgression in an avian hybrid zone between two 
recently diverged marsh endemics, the Saltmarsh (Ammodramus caudacutus) and Nelson’s (A. 
nelsoni) sparrow (~600,000 years; Rising and Avise 1993). In the USA and Maritime Canada, 
the two species are restricted to a ribbon of tidal-marsh habitat along the Atlantic seaboard with a 
subspecies of caudacutus (A.c. caudacutus) inhabiting coastal salt marshes from southern Maine 
to New Jersey and a subspecies of nelsoni (A.n. subvirgatus) inhabiting brackish and tidal 
marshes from the Canadian Maritimes to northern Massachusetts (Greenlaw & Rising 1994; 
Rising 2011). Current knowledge suggests that the two taxa (hereafter caudacutus and nelsoni, 
respectively) overlap and hybridize along a 210 km stretch of the New England coast between 
the Weskeag River estuary in South Thomaston, Maine and Plum Island in Newburyport, 
Massachusetts (Hodgman et al. 2002; Shriver et al. 2005; Walsh et al. 2011).  
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 Recent work in the caudacutus-nelsoni hybrid zone indicates extensive introgression with 
a high proportion of backcrossed sparrows in sympatric populations (Walsh et al. 2015). Despite 
this high proportion of admixed individuals, an overall deficit of recent generation (F1/F2) 
hybrids has been documented (3%; Walsh et al. 2015), indicative of an advanced generation 
hybrid zone characterized by high rates of recombination (Culumber et al. 2010, Hamilton et al. 
2013). While backcrossing is extensive between caudacutus and nelsoni, variation in habitat 
affinity, morphology, and behavior suggest a role for isolating mechanisms in this system. 
Abrupt environmental gradients across the marine-terrestrial ecotone present adaptive challenges 
to terrestrial vertebrates (e.g., tidal inundation and osmoregulatory demands; Greenberg et al. 
2006; Bayard & Elphick 2011). Because A. caudacutus has been associated with salt marshes 
over a longer evolutionary time frame (Chan et al. 2006), there may be stronger selection for 
adaptive traits in pure individuals of this species, driving ecological divergence. Tidal marsh 
adaptations may also influence morphology and plumage coloration in pure caudacutus and 
nelsoni (Grinnell 1913; Grenier & Greenberg 2006; Walsh et al. 2015) with potential 
reinforcement of these traits through sexual selection. Numerous behavioral differences between 
caudacutus and nelsoni males, including differences in flight displays, song, aggressiveness, and 
mating strategy (Greenlaw 1993; Greenlaw & Rising 1994; Shriver et al. 2011) further have the 
potential to shape asymmetries in mate selection within the hybrid zone.  
 The aim of this study was to characterize the genetic structure, including patterns of 
differential introgression and selection, across the caudacutus-nelsoni hybrid zone and to test the 
hypothesis that adaptive traits are important in maintaining pure species boundaries despite 
ongoing gene flow. We coupled population genetic analyses with geographic and non-
geographic cline analyses to characterize genetic variation, quantify introgression across genetic 
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and morphological markers, and identify the width and center of the hybrid zone. We used 
plumage features and a diversity of genetic markers, including neutral microsatellites, gene-
associated diagnostic microsatellites, mitochondrial, and sex-linked markers, to compare 
introgression patterns across potentially variable selective processes. We predicted that gene-
associated diagnostic markers would show reduced introgression and more abrupt clines 
compared to neutral markers. Select diagnostic markers used in this study showed elevated 
divergence between allopatric caudacutus and nelsoni individuals compared to neutral 
expectation, indicative of selection (Kovach et al. 2015); however, introgression patterns for 
these markers across the geographic extent of the hybrid zone is unknown. We also predicted 
that abrupt selection would occur for sex-linked and mitochondrial markers in accordance with 
Haldane’s rule. In birds, females are the heterogametic sex (ZW), and thus Haldane’s rule 
predicts reduced introgression of both sex-linked markers and mitochondrial markers (due to 
maternal inheritance) compared to nuclear markers. Lastly, we predicted strong selection for 
features related to plumage darkness, as increased melanin is thought to be an adaptation to tidal 
marshes (salt marsh melanism; Greenberg & Droege 1990; Grenier & Greenberg 2006; Luttrell 




Geographic transect and sample collection 
 
 To capture the extent of genetic variation across the hybrid zone, we sampled sparrows 
from tidal marshes along a coastal transect from Lubec, Maine (44°49’22 N, 66°59’20 W) to 
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Madison, Connecticut (41°15’46 N, 72°33’00 W; Figure 1; Table 1) during the 2012 and 2013 
breeding seasons (June – August). We conducted intensive sampling within the hybrid zone, 
with marshes sampled approximately every 10 km; allopatric marshes were also sampled north 
and south of the hybrid zone (Figure 1). We sampled 290 individuals from 34 marshes along the 
geographic transect and collected the full set of morphological measurements from 254 
individuals. Due to inadequate sample sizes (n = 2) in 2 of the sampled locations we used data 
from 286 individuals from 32 sites for all analyses (Table 1; Figure 1). Of these individuals, 37 
sparrows were sampled from putatively pure nelsoni populations (n = 4 marshes), 52 individuals 
were sampled from putatively pure caudacutus populations (n = 6 marshes), and 197 individuals 
were sampled from sympatric populations (n = 22 marshes). Because this is the first extensive 
sampling and genetic evaluation of the hybrid zone, we considered all marshes outside of the 
currently hypothesized overlap zone to be allopatric. We scored each individual sparrow for 13 
plumage traits developed for evaluating levels of phenotypic introgression (Shriver et al. 2005; 
Walsh et al. 2015). Briefly, the plumage scores capture basic phenotypic differences between the 
species and include the color of the bill, the color and definition of the face and back, the width 
and definition of the whisker line and crown, and the amount and definition of the streaking on 
the back and flanks. We used digital calipers to measure tarsus length and bill length (nares to 
tip; mm), a wing-chord ruler to measure unflattened wing chord (mm), and a digital scale to 
measure weight (to the nearest 0.1 g). We collected blood samples (10 – 20 µl) from the brachial 
vein and transferred drops to Nobuto blood filter strips (Sterlitech, Kent, Washington) for storage 
at room temperature until later genetic analysis. 
 
Analysis of molecular markers 
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 We extracted DNA from the blood samples using a DNeasy blood Kit (Qiagen, Valencia, 
California) according to manufacturer protocol. We amplified DNA using 24 microsatellite loci 
combined in 4 multiplexes: Ammo001, Ammo002, Ammo003, Ammo006, Ammo008, Ammo012, 
Ammo015, Ammo016, Ammo017, Ammo020, Ammo023, Ammo027, Ammo028, Ammo030, 
Ammo034, Ammo036 (Kovach et al. 2015), Escµ1 (Hanotte et al. 1994), Asµ15, Asµ18 (Bulgin 
et al. 2003), Aca01, Aca04 Aca05, Aca08, and Aca12 (Hill et al. 2008). The 12 Ammo loci were 
developed as diagnostic markers for differentiating nelsoni, caudacutus, and their hybrids, and 
several of them are suspected to be under selection and are found in regions with known gene 
associations (Kovach et al. 2015). Conditions for the Hanotte et al. (1994), Bulgin et al. (2003), 
and Hill et al. (2008) primers followed Walsh et al. (2012), and conditions for the Ammo primers 
followed Walsh et al. (2015). Amplified products were electrophoresed on an automated DNA 
sequencer (ABI 3130 Genetic Analyzer: Applied Biosystems, Foster City, California) and 
individual genotypes were scored manually using PEAKSCANNER software (Applied Biosystems).  
 We also amplified each individual at two mitochondrial genes [1100 bp of NADH 
dehydrogenase subunit 2 (ND2); 356 bp of NADH dehydrogenase subunit 3 (ND3)], two z-
linked genes [183 bp of solute carrier family 45, member 2 (SLC45A2), 724 bp of solute carrier 
family 30 (SLC30A5)], and one nuclear gene [900 bp of recombination activating gene 1 
(RAG1); table S1, supporting information]. PCR reactions included the following: 3 µl of eluted 
genomic DNA, 0.5 µM of each primer, 2.0 mM MgCl2, 1X PCR buffer (Promega, Madison, 
Wisconsin), 0.12 mM of deoxyribonucleotides, and 1 unit of Taq DNA polymerase (Promega). 
Cycling conditions were as follows: 35 - 40 cycles of 94°C for 30 s, 46-60°C for 45 s, 72°C for 
90 s, and a final extension step at 72°C for 5 min. For the two shorter fragments (ND3, 
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SLC45A2), we sequenced all individuals sampled along the geographic transect (Table S1, 
supporting information); sequences were visually inspected in 4Peaks (Nucleobytes, Amsterdam, 
NL) and aligned in Geneious Pro 4.7.6 (Biomatters Ltd, Auckland, NZ). We assigned sequences 
to one of two haplotypes (nelsoni or caudacutus) based on visual inspection of species-specific 
polymorphic sites identified in putatively allopatric populations. For the three longer fragments 
(ND2, SLC30A5, and RAG1), we sequenced a subset of 14 putatively pure individuals (based on 
morphology and microsatellite data) and designed a Restriction Fragment Length Polymorphism 
(RFLP) analysis to identify species-specific haplotypes in the PCR-amplified fragments. We 
digested amplified products in 25 µl reactions, with 10 µl template DNA, 0.2 µl of enzyme TseI, 
PstI, and MwoI (for ND2, SLC30A-5, and RAG-1 fragments respectively), and 2.5 µl of 
NEBuffer (New England BioLabs, Ipswich, MA, USA) and incubated according to manufacturer 
protocols. We resolved the resulting fragments on a 2% agarose gel and assigned haplotypes (see 
Table S2, supporting information for protocols and fragment patterns). For SLC30A-5 and RAG-
1, the RFLP method allowed us to assign individuals to one of three haplotypes (nelsoni, 
caudacutus, or hybrid) based on the combination of observed banding patterns. We checked the 
validity of the RFLP assay using the 20 sequenced individuals (see above) and found no 




 We calculated unbiased estimates of expected and observed heterozygosities and tested 
for deviations from Hardy-Weinberg equilibrium in GENEPOP V4 (Raymond & Rousset 1995).  
We also calculated genetic diversity metrics, including FIS , number of alleles, and allelic richness 
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in FSTAT . To quantify patterns of admixture for each site, we estimated a hybrid index and 
interspecific heterozygosity for all individuals using the R package introgress (Gompert & 
Buerkle 2009, 2010). To identify markers under selection, we performed selection tests for all 
loci using an FST outlier approach (Beaumont and Nichols 1996) in the program LOSITAN (Antao 
et al. 2008). To test for genetic differentiation among populations, we calculated pairwise FST 
values and performed significance testing using 1,000 permutations in FSTAT. To characterize 
genetic structure of the caudacutus-nelsoni hybrid zone, we used the Bayesian clustering 
approach of STRUCTURE, version 2.3.2 (Pritchard et al. 2000). We conducted five runs for each 
value of K = 1-5; each run consisted of a 300,000 burn-in followed by 200,000 iterations. We 
also ran STRUCTURE with the 12 neutral microsatellites separately to ensure that markers under 
selection were not influencing the results. Because we detected the same patterns with both 
marker sets, we ran all subsequent analyses with the full set of 24 microsatellites. We used the 
admixture model and assumed correlated allele frequencies (Falush et al. 2003). We determined 
the most likely number of population clusters (K) using the ΔK method of Evanno et al. (2005); 
STRUCTURE output was visualized using the program STRUCTURE HARVESTER (Earl & vonHoldt 
2012). Lastly, we tested for linkage disequilibrium using GENEPOP. P-values for multiple 
comparisons were adjusted with the Bonferroni correction. 
 





 We used the R-package introgress to estimate genomic clines for each locus using a 
multinomial regression to estimate individual clines for each locus along an admixture gradient 
(represented by the hybrid index). To identify loci that displayed deviations from neutral 
expectations, we compared the likelihoods of the regression models to a null model of neutral 
introgression. Null models were generated using parametric simulations described in Gompert & 
Buerkle (2009). Using this approach, a large simulated admixed population is generated based on 
expected genotype frequency distributions (estimated using hybrid index and heterozygosity 
values equal to the observed data). We simulated 2000 admixed individuals and adjusted all 
significance thresholds using the false discovery rate procedure (Benjamini & Hochberg 1995). 
Deviations from neutrality were summarized as either gradual clines (homozygote excess or 
deficit and/or heterozygote excess) or abrupt clines (heterozygote deficit indicative of disruptive 
selection or assortative mating; Gompert & Buerkle 2009).  
 To test for concordance among genomic clines, we compared genomic clines at 
individual loci against the multilocus expectation using the logit-logistic model of Fitzpatrick 
(2013). This approach compares the mean hybrid index over all loci to a hybrid index for a focal 
locus (calculated as the proportion of caudacutus alleles belonging to an individual). The logit-
logistic model estimates two parameters: u gives the relative difference in cline position (positive 
values indicate a shift of the cline toward caudacutus and negative values indicate a shift toward 
nelsoni) and v gives the relative difference in slope (values greater than one indicate abrupt 
selection and values less than one indicate gradual selection). Perfect concordance between a 
focal locus and the mean hybrid index would result in u = 0 and v =1. Thus, the expectation for 
equal introgression over all loci lies on the diagonal. We fit the parameters u and v using the 





 To evaluate the distribution of caudacutus and nelsoni alleles across the transect, we used 
the Metropolis-Hastings Markov chain Monte Carlo algorithm employed in the R package HZAR 
(Derryberry et al. 2013) to fit a series of geographic cline models to allele frequencies for each 
genetic marker and a suite of morphological traits. We reduced the variation observed in the 24-
microsatellite loci to a two-allele system using species-specific compound alleles (Daguin et al. 
2001; Bierne et al. 2003; Gay et al. 2008). Using this approach, each allele was assigned to a 
species group based on its coordinates on the first axis of a multiple correspondence analysis 
(MCA), conducted using the CA package in R. We ran fifteen separate models for each genetic 
marker, all of which estimated cline center (distance from sampling location 1, c) and width 
(1/maximum slope, w). The tested models included all possible combinations for fitting tails 
(none fitted, left only, right only, mirror tails, or both tails estimated separately) and for 
estimating allele frequencies at the cline ends (pMin, pMax; fixed to 0 and 1, observed values, or 
estimated values).  
 To compare introgression patterns between genetic and phenotypic data, geographic 
clines were also fitted to five morphological traits, including: bill length, wing chord, weight, and 
two separate groups of plumage traits. We used plumage traits predominantly related to 1) the 
amount of streaking and the width of plumage features observed on an individual (including 
crown width, malar width, face definition, streaking amount on the breast, flanks, and back, and 
color of the back) and 2) traits predominantly related to the darkness and definition of plumage 
traits on an individual (including bill darkness, face color, and definition of plumage on the 
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crown, malar, breast, and flanks). Traits related to plumage streaking amount and those related to 
plumage darkness and definition were previously found to differ with respect to their correlation 
with genotype (Walsh et al. 2015). We ran five separate models for each morphological trait, all 
of which estimated trait mean and variance (right, left, and center) along with cline center and 
width; models varied in how the tails were fitted. We compared all models using Akaike 
information criterion corrected for small sample sizes (AICc) and considered models with the 




 In addition to comparing cline width and center for phenotypic traits, we quantified the 
variation in introgression among the morphometric and plumage features. We compared the 
phenotypic variance observed within our populations to the maximum phenotypic variance 
expected under a hypothesis of complete reproductive isolation (Barton and Gale 1993) to 
identify morphological features that may be more important in reproductive isolation. The 
maximum variance (Vmax) is equal to (µ1 – µ3)2/(4 + σ21 + σ23)/2, where µ1 and µ3 are the means 
and σ1 and σ3 are the variances of parental populations in allopatry (Barton and Gale 1993; Gay 
et al. 2008). For each of our morphological traits, we compared Vmax with Vobs (average variance 
calculated from the phenotypic clines) and measured the degree of introgression for each trait by 
the Vobs/Vmax ratio (Gay et al. 2008). Traits involved in reproductive isolation are predicted to 
exhibit large variance in the center of the hybrid zone. The closer the observed peak in 
phenotypic variance (Vobs) is to the variance expected under complete reproductive isolation 




 All 286 individuals were genotyped at the 24 microsatellite loci and yielded complete 
multilocus genotypes. Microsatellite loci were highly polymorphic with allelic richness ranging 
from 4 to 33 alleles per locus (mean = 12.7). Allelic richness was greater in pure caudacutus 
populations (mean = 8.5 alleles per locus, range = 2 - 21) than in pure nelsoni populations (mean 
= 7.3 alleles per locus, range = 1 – 14). Mean observed heterozygosities ranged from 0.531 – 
0.704 (Table 1), with heterozygosity generally increasing from North to South. Markers 
Ammo008, Ammo012, Ammo015, Ammo016, Ammo030, and Ammo036 were candidates for 
positive selection (Figure S1, supporting information). All other microsatellite markers were 
within neutral expectations. We detected significant deviations (Bonferroni adjustment; α = 0.05, 
P = 0.001) from Hardy-Weinberg in 7 out of 32 (22%) marshes (Table 1). We did not observe 
significant linkage disequilibrium in any of our populations.  
 
Genetic structure of the nelsoni-caudacutus hybrid zone 
 
 Haplotype distributions among sampling locations varied by marker, with the least 
mixing observed in ND2, ND3, and SLC45A2 (Figure 2); because ND2 and ND3 were identical 
for all individuals, they are combined for subsequent descriptions. We detected caudacutus 
haplotypes in our putatively allopatric nelsoni populations for four out of five genes: 4 
individuals (10%) for ND2/ND3, 1 individual (2%) for SLC45A2, and 4 individuals (10%) for 
SLC30A5. We detected fewer instances of nelsoni haplotypes in putatively pure caudacutus 
populations, with only 1 individual (2%) for ND2/ND3, SLC30A5, and RAG-1. We assigned 
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hybrid haplotypes for the two markers with RFLP banding patterns (RAG-1 and SLC30A5). In 
allopatric populations, we identified 4 putatively pure nelsoni (11%) and 9 putatively pure 
caudacutus (25%) with mixed haplotypes for RAG-1. For SLC30A5, we found hybrid 
haplotypes in the pure nelsoni populations (27%) but no hybrid haplotypes in the pure 
caudacutus populations. In sympatric marshes, the percentages of nelsoni and caudacutus 
haplotypes were as follows: 41% nelsoni and 59% caudacutus for ND2/ND3 and 31% nelsoni 
and 69% caudacutus for SLC45A2. For SLC30A5 and RAG-1, the percentages of nelsoni, 
caudacutus, and hybrid haplotypes were 20%, 71%, 8% and 26%, 50%, 24%, respectively 
(Figure 2). 
 STRUCTURE assigned individuals to one of two genetic clusters (Figure 3) based on ΔK 
(Figure S2, supporting information), which corresponded to nelsoni and caudacutus populations. 
Overall, the distribution of nelsoni and caudacutus individuals was patchy across the hybrid zone 
(Figure 3). We found pure nelsoni and pure caudacutus individuals (low and high Q values, 
respectively) in allopatric populations. Individuals sampled from allopatric nelsoni populations 
had a low probability (mean Q value ± SD = 0.007 ± 0.01) of being assigned to the caudacutus 
cluster, while individuals sampled from allopatric caudacutus populations had a high probability 
of being assigned to the caudacutus cluster (mean Q ± SD = 0.995 ± 0.006). Sympatric 
populations had intermediate Q values and hybrid indices (mean Q ± SD = 0.667 ± 0.450, Range 
= 0 - 1 and mean HI ± SD = 0.66 ± 0.38, Range = 0 -1); however pure nelsoni and pure 
caudacutus individuals inhabiting the same marshes largely drove this pattern (Figure 3). Twelve 
individuals (4%) had Q values ranging from 0.1 – 0.9 (recent generation hybrids); these 12 
individuals were dispersed across the sampled marshes (i.e., there were no marshes with a 
disproportionately high number of recent generation hybrids). There were 94 individuals (42%) 
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with a hybrid index ranging from 0.1 – 0.9 (indicating they were not pure parental genotypes). 
Mean site-specific interspecific heterozygosity ranged from 0 – 0.76 (mean ± SD = 0.26 ± 0.12), 
with the greatest interspecific heterozygosities found on sites near the center of the hybrid zone 
(Table 1). We observed significant genetic differentiation among sampled marshes (FST), with 
values ranging from 0 – 0.375 (θ = 0.1; Figure S3, supporting information). The largest FST 
values were generally observed between the allopatric nelsoni populations and all other marshes. 
We also detected significant FST values between sympatric marshes that were predominantly 
composed of nelsoni individuals (Maquoit Bay, Cousins River, and Rye Beach) compared to all 
other marshes. 
  
Genomic and geographic analyses of introgression 
 
 Genomic clines revealed that introgression patterns were variable among markers (Figure 
S4, supporting information). Sixty-six percent (19) of the 29 markers showed deviations from 
patterns of neutral introgression (Figure 4, Figure S5, supporting information). Clines were 
steeper than neutral expectation for 41% (12) of the markers, including six diagnostic 
microsatellite loci (Ammo markers 001, 003, 006, 008, 027, 036), three neutral microsatellites 
(Escµ1, Asµ15, Aca08), two mitochondrial markers (ND2/ND3), and SLC30A5. Six neutral 
microsatellite markers and RAG-1 displayed more gradual clines than neutral expectation. 
 Comparison of individual loci to multilocus expectation revealed variations in cline slope 
and position among the 29 genetic markers (Figure 5, Table 2). We detected overall patterns of 
asymmetrical introgression with 66% (19) of the markers shifted toward caudacutus and 34% 
(10 loci) shifted toward nelsoni.  Five markers (Ammo006, Ammo036, ND2, ND3, and 
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SLC45A2) displayed stronger selection (more abrupt slopes; Table 2); all five of these markers 
exhibited asymmetrical introgression toward caudacutus. Twenty-four markers displayed more 
gradual slopes (weaker selection) than multilocus expectation. 
 Geographic cline analyses revealed variation in estimates for cline width (mean = 392 km, 
range = 248 – 969) but more consistent estimates for cline center (mean = 330 km, range = 229 – 
421; Table 3) across marker types. Based on these estimates, cline center was consistently 
predicted to be around sampling location 10 (Cousins River – Yarmouth, Maine). Estimates for 
cline width were the smallest for mitochondrial (264 km) and z-linked markers (299 and 358 km 
for SLC45A2 and SLC30A5, respectively), followed by diagnostic microsatellite markers (mean 
± SD = 390 ± 83). Estimates for cline width were largest and most variable for the neutral 
microsatellite markers (426 ± 235). Similar to the cline estimates for the genetic markers, cline 
width was variable for the morphological traits (mean = 231 km, range = 17 – 450) and more 
consistent for cline center (338 km, range = 284 – 392; Table 4).  
 Estimates for cline width were narrower for traits related to the darkness and definition of 
plumage (349 km) compared to traits related to the amount of plumage streaking (380 km; Table 
4). Estimates for cline center were similar (only 8 km difference in mean) between 
morphological traits and genetic markers. Phenotypic variance fluctuated across sympatric 
marshes. For the five morphological traits, we observed peaks in phenotypic variance that fell 
approximately between 350 – 450 km along the sampling transect, consistent with cline 
estimates for the center of the hybrid zone (Figure 6). We observed peaks in phenotypic variance 
near the estimated center of the hybrid zone for weight and for traits related to 
definition/darkness of streaking; further, variance in weight exceeded Vmax near the approximate 
zone center (Figure 6). Variance in bill length in sympatric populations was greater than the 
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variance observed in allopatric populations for all sampled marshes. The degree of introgression 
(ratio of Vobs and Vmax) was higher for wing chord (Vobs/Vmax = 0.5) and for plumage traits related 
to coloration and amount of streaking (Vobs/Vmax = 0.46) than it was for weight (Vobs/Vmax = 1.1) 




 Species boundaries can remain distinct in the face of ongoing introgression, even if only 
a few regions of the genome remain differentiated while other regions become homogenized. 
Within the caudacutus-nelsoni hybrid zone, we found patterns of abrupt selection for 5 out of 29 
genetic markers despite extensive introgression in sympatric populations. We identified 42% of 
the sampled individuals as admixed (hybrid index ranging from 0.1 – 0.9). The majority of these 
admixed individuals were backcrossed, with the overall deficit of recent generation hybrids in 
this system indicative of an advanced generation hybrid zone (Hamilton et al. 2013). The 
distribution of pure and backcrossed individuals was patchy across sympatric populations, with 
neighboring marshes exhibiting noticeable differences in genotypic compositions. This fine scale 
spatial structuring mimics a mosaic hybrid zone (Moore 1977) and supports a role for exogenous 
selection in shaping hybrid zone dynamics between caudacutus and nelsoni (Walsh et al. in 
review). Increased heterozygosity and FIS at select marshes across the zone, including Weskeag 
and Chapman’s Landing (which are 112 and 128 km north and south from the center, 
respectively) support the idea that certain marshes facilitate mixing more than others.  
 The evolutionary history of caudacutus and nelsoni is complex; however, the leading 
hypothesis suggests that the current overlap zone is an area of secondary intergradation 
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following a split during a Pleistocene glaciation event (Greenlaw 1993). Consistent with this 
hypothesis, the results of this study provide evidence for secondary contact and contemporary 
introgression as opposed to incomplete lineage sorting. We found strong divergence across all 
markers in allopatric populations and high levels of admixture and a noticeable peak in 
phenotypic variation in sympatric populations. Increased genetic differentiation in allopatry 
(average FST between allopatric nelsoni and caudacutus = 0.313; locus-specific FST as high as 
0.71) than in sympatry (average FST between sympatric nelsoni and caudacutus = 0.24; locus-
specific FST as high as 0.61) suggests geographic structuring of alleles. Incomplete lineage 
sorting, alternatively, would manifest in random geographic distribution of ancestral alleles 
(Edwards et al. 2008; Hird & Sullivan 2009). Furthermore, the occurrence of recent generation 
hybrids in sympatric marshes, although in low frequency, points toward contemporary 
hybridization events between these species.  
 Estimates for cline width were highly variable among markers, ranging from 248 to 970 
km, and were, on average, most narrow for mitochondrial and z-linked genes. Estimates for cline 
center, however, were consistent among marker types (genetic and morphological) falling around 
Yarmouth, Maine (328 km from locality 1). Previous field surveys identified caudacutus and 
nelsoni individuals co-occurring from Weskeag, Maine to Newburyport, Massachusetts (~208 
km overlap zone; Hodgman et al. 2002). Consistent with the field estimates of the overlap zone, 
three of the markers analyzed in this study (ND2, SLC45A2, and Ammo006) exhibited cline 
widths in the 250 – 300 km range. The remaining markers had substantially larger cline widths, 
indicating extensive introgression and recombination within and well outside of the overlap zone.  
 Clines varying in width but constrained to the same center are indicative of differential 
introgression across the hybrid zone. This is consistent with predictions that hybrid zones act as a 
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semi-permeable barrier for the exchange of genetic material between taxa (Payseur 2010). We 
found differential introgression consistent with our a priori predictions for each marker type, 
including comparatively narrow cline estimates for mitochondrial, sex-linked, and diagnostic 
markers relative to wide clines for neutral loci. This variable introgression across markers 
suggests that while most traits exhibit uninhibited movement, there are certain traits that do not 
freely cross the species’ boundaries and therefore may be important in reproductive isolation. 
The observed patterns can be explained by both selection against hybrids and adaptive 
divergence along a tidal marsh gradient as active mechanisms in shaping species boundaries 
between caudacutus and nelsoni.  Below we discuss the implications of our findings of reduced 
introgression at select phenotypic and genetic markers for the potential role of evolutionary 
forces in hybrid zone maintenance. 
 
Patterns of differential introgression and mechanisms for isolation 
 
 Consistent with Haldane’s rule, we found that on average, mitochondrial and z-linked 
markers show reduced introgression compared to nuclear markers (including neutral and selected 
loci). Haldane’s rule predicts that fitness reductions should occur more often in hybrids of the 
heterogametic sex (Haldane 1922); these differential fitness reductions appear to play an 
important role in speciation (Coyne & Orr 2004). Reduced introgression of mitochondrial or sex-
linked markers in organisms with ZW sex determination is an expectation of the dominance 
theory of the Dobzhansky-Muller incompatibility model (Dobzhansky 1937; Muller 1940, 1942). 
This theory predicts that fitness reductions arise through the interaction of incompatible alleles, 
which evolved in allopatry. If these incompatible alleles are recessive, fitness reductions will be 
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greater for the heterogametic sex if these genes are located on the sex chromosomes. In systems 
where females are the heterogametic sex, Haldane’s rule also predicts reduced introgression of 
mitochondrial markers because they are maternally inherited. There is extensive empirical 
support for Haldane’s rule (Turelli 1998), increasingly so in avian systems, including sterility 
(Ficedula hypoleuca and F. albicollis; Svedin et al. 2008) and lower survival rates (Larus 
argentatus and L. cachinnans; Neubauer et al. 2014) of hybrid females, and reductions in 
female-mediated gene flow (Larus occidentalis and O. glaucescens; Crochet et al. 2003 and 
Aquila clanga and A. pomarina; Backström & Väli 2011). Adaptive behavioral differences in 
pure caudacutus and nelsoni females associated with nesting synchrony in relation to tidal cycles 
(Shriver et al. 2007) suggest a potentially important influence of differential fitness among pure 
and admixed females in shaping zone dynamics. Evidence for reduced survival in F1/F2 females 
provide further support for Haldane’s Rule in this system (Walsh and Kovach unpublished data).  
 Analysis of molecular and phenotypic traits provided evidence for selection on increased 
melanin in A. caudacutus, consistent with the hypothesized adaptive role for melanin in 
vertebrates that inhabit saltmarsh ecosystems. Salt marsh melanism may serve a convergent 
ecological function among tidal-marsh birds (Greenberg & Droege 1990), as higher levels of 
melanin have been documented in a range of tidal marsh vertebrates in comparison to closely 
related upland and freshwater taxa (Grinnell 1913; Grenier & Greenberg 2006; Olsen et al. 2010). 
Here we present two additional lines of support for this hypothesis. First, we found narrow cline 
estimates for the z-linked marker SLC45A2 (299 km) along with a more abrupt transition in 
slope compared to a multilocus average (+ 1.41). SLC45A2 (solute carrier family 45, member 2, 
protein) is associated with melanin-based pigmentation and has been linked to plumage 
phenotypes in birds, including silver and cinnamon colored phenotypes (Gallus gallus and 
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Coturnix japonica; Gunnarsson et al. 2007) and the gray plumage of hooded crows (Corvus 
cornix; Poelstra et al. 2014). Similarly, mutations in SLC45A2 may relate to the differences in 
plumage coloration between caudacutus and nelsoni. A. caudacutus individuals have dark 
chestnut streaking patterns on the breast and flanks and dark chestnut backs, while A. nelsoni 
have gray streaking on the breast and flanks and more gray on the back (Greenlaw 1993; Shriver 
et al. 2005; Walsh et al. 2015). Walsh et al. (2015) found that plumage traits related to plumage 
darkness (particularly in the breast and flanks) are more strongly correlated with genotype. 
Secondly, we found that the introgression of traits related to plumage darkness was reduced 
(Vobs/Vmax = 0.82) compared to traits related to streaking amount (Vobs/Vmax = 0.46). Natural 
selection for the adaptive benefits of salt marsh melanism (including reduced predation risk and 
resistance to mechanical and bacterial degradation; Grenier & Greenberg 2006; Roulin 2007; 
Goldstein et al. 2004; Peele et al. 2009) may be reinforced by sexual selection (Olsen et al. 2010). 
The darkness of streaking in the breast and flanks may offer strong visual cues for individuals 
during mate selection.  
 Only one marker (diagnostic marker Ammo006) exhibited narrower clines than the z-
linked and mitochondrial markers. Based on annotation with the zebra finch genome, Ammo006 
was found to be associated with a mitogen-activated protein kinase (MAPK; Kovach et al. 2015). 
This gene region likely plays an important ecological role for A. caudacutus, which exhibits a 
pre-Pleistocene association with tidal salt marshes (Greenlaw & Rising 1994; Chat et al. 2006) 
compared to A. nelsoni, which exhibits a broader ecological niche, breeding in grassland and 
brackish marshes in addition to tidal marshes (Greenlaw 1993; Nocera et al. 2007; Shriver et al. 
2011). Specifically, the MAPK superfamily consists of three distinct signaling pathways with 
roles linked to numerous cellular functions including immune responses, host-parasite 
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interactions, and adaptive responses to thermal, osmotic, and oxygen stresses (Hilderbrandt 
2001; Cowan and Storey 2003). Of particular interest is the response of MAPK to osmotic stress, 
which has been documented in a range of organisms (Cowan and Storey 2003), including in 
mammalian kidney (Chen and Gardner 2002) and liver astrocytes (vom Dahl et al. 2001) and in 
the osmosensory signaling pathways of fish (Fundulus heteroclitus; Kultz and Avila 2001). 
MAPKs therefore may have a critical role in salinity adaptation (Cowan and Storey 2003) and 
may serve an important role in osmoregulatory functions of A. caudacutus. The transition from 
upland and brackish habitat (nelsoni) to salt marsh (caudacutus) presents major adaptive 
challenges to terrestrial vertebrates (Greenberg 2006), and pathways related to osmotic stress 
(i.e., MAPK) would arguably be under strong selection in this system. Adaptive divergence 
across this salinity gradient may thus play an important role in reproductive isolation between the 




 We detected strong patterns of asymmetrical introgression across the 29 genetic markers, 
with 19 showing patterns of asymmetrical introgression toward A. caudacutus and 10 markers 
showing patterns of asymmetrical introgression toward A. nelsoni. A majority of these markers, 
including all of the markers that showed asymmetries toward nelsoni, displayed gradual slopes 
indicative of weak selection. Five markers exhibited abrupt clines and all of them showed 
patterns of asymmetry toward caudacutus. These findings are consistent with previous work 
suggesting that backcrossing is asymmetrical and biased toward A. caudacutus (Shriver et al. 
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2005; Walsh et al. 2011), possibly due to differences in mating systems (Shriver et al. 2005) or 
population density.  
 Both species exhibit an unusual mating system among emberizines, characterized by non-
territoriality, lack of male parental care, and high levels of promiscuity facilitating intense male-
male competition for receptive females (Greenlaw 1993; Hill et al. 2010). The two species differ 
in their mating tactics, however. Nelsoni males spend substantial time mate guarding and have 
more distinctive song and flight displays for attracting females (Greenlaw 1993; Shriver et al. 
2007, 2010). Caudacutus males are highly polygamous and exhibit a scramble competition 
mating system whereby males search for and attempt to mate with multiple receptive females 
(Greenlaw and Rising 1994; Hill et al. 2010). Size differences between nelsoni and caudacutus 
males (14.9 – 19.2g versus 19 – 24g, respectively) may thus place nelsoni at a substantial 
competitive disadvantage when competing with caudacutus males to secure mates in sympatric 
marshes. Admixed females are thus more likely to backcross with caudacutus males leading to 
asymmetries. This is particularly true in sites toward the southern portion of the hybrid zone, 
where caudacutus males outnumber nelsoni males by approximately 4:1 (Kovach and Walsh 
unpublished data). Cline estimates for weight coupled with a peak in weight variance near the 
center of the zone provide supportive evidence that size is an important factor in shaping zone 
dynamics in this system. The cline for weight was the most abrupt of the five morphological 
traits analyzed, indicative of strong selection against intermediately sized individuals, which may 
be ineffective in securing mates using either of the mating tactics (direct male-male competition 
or flight displays and mate guarding). Furthermore, variance in weight at the center of the hybrid 
zone exceeded variance in allopatry, which may be indicative of character displacement with 
smaller nelsoni and larger caudacutus in sympatric versus allopatric populations. 
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 Asymmetrical introgression has been documented in a number of avian contact zones 
(Rohwer et al. 2001; Secondi et al. 2006; den Hartog et al. 2010) and may also be indicative of 
hybrid zone movement or of one species being displaced by the other. Moving hybrid zones 
leave tails of clines of unlinked neutral markers in their wake, giving the appearance of 
asymmetrical introgression (Buggs 2007). Distinguishing hybrid zone expansion from 
asymmetrical introgression poses a challenge, and is best addressed with temporally replicated 
sampling. However, multiple alleles introgressing in one direction offers additional support for 
zone movement (Barton and Hewitt 1985; Buggs 2007). Previous research has documented a 
potential southward expansion of nelsoni into the range of caudacutus, with nelsoni alleles 
documented as far south as Rhode Island (Walsh et al. 2011). Extensive field surveys also 
suggest a more pronounced decline in caudacutus abundance across their range in comparison to 
nelsoni (Correll et al. unpublished data); however, a direct temporal comparison of genetic data 




 We found support for hybrid zones acting as semi-permeable boundaries to foreign 
alleles across a tidal marsh gradient. While a majority of the markers used for this analysis 
showed patterns of weak selection and uninhibited movement across the hybrid zone, we 
detected abrupt selection for a few molecular markers and plumage characteristics, consistent 
with evolutionary processes contributing to reproductive isolation. Specifically, we detected 
strong selection for mitochondrial and z-linked markers, providing evidence for Haldane’s rule, 
along with selection for traits conferring adaptive benefits to tidal marshes. Despite the overall 
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low genetic differentiation between caudacutus and nelsoni, niche differentiation may be driving 
ecological speciation between the species, with strong selective pressures for a few critical gene 
regions playing an important adaptive role. We conclude that adaptive variation across a tidal 
marsh ecotone may promote isolating mechanisms and prevent the erosion of pure species 
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Figure 2.1. The location of 32 marshes along the northeastern coast of the United States where A. 
caudacutus and A. nelsoni individuals were sampled. Black circles represent allopatric 
populations from which putatively pure individuals were used for calculating a hybrid index. 
White circles represent marshes that are outside of the currently hypothesized overlap zone, yet 
were treated as sympatric populations due to their close proximity to the hybrid zone and 
evidence of introgressed individuals (Walsh et al. 2015). Gray circles represent marshes within 
the hybrid zone and the red star represents the approximate center of the zone, based on 
geographic cline estimates. The boxplot represents the distribution of hybrid index values for 
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Figure 2.2. Bar plot showing the distribution of haplotypes by transect point (nelsoni haplotypes 
are blue, caudacutus haplotypes are in red, and hybrid haplotypes are in gray. Each panel 
represents a marker, from top to bottom: ND3/ND2 (mitochondrial), RAG1 (nuclear), SLC45A2 




Figure 2.3. Population clusters identified by STRUCTURE for 286 individuals genotyped at 24 
microsatellite loci. Bar plot shows individual membership to two genetic clusters. Blue 




































Figure 2.4. Plots showing patterns of genomic and geographic introgression across 32 A. 
caudacutus and A. nelsoni populations (n = 286). (A) Genomic clines calculated in introgress 
plotted as the observed frequency of A. caudacutus homozygote genotypes (1.0) against the 
hybrid index (calculated as the proportion of A. caudacutus alleles across all loci). Black lines 
show markers that deviate significantly from neutral introgression and gray lines show markers 
that do not deviate from neutral patterns of introgression. (B) Geographic clines calculated for 29 
markers plotted as the frequency of caudacutus alleles across an 800 km sampling transect. 
Neutral markers are in gray, diagnostic markers in black, mitochondrial markers in red, z-linked 
markers in green, and a nuclear marker in blue. (C) Geographic clines calculated for five 
morphological traits. Weight is in black, wing chord in blue, bill length in gray, plumage amount 
in green, and plumage definition in red. 
 
 
























































Figure 2.5. Analysis of introgression patterns comparing hybrid index for a focal locus (y axis) 
versus hybrid index for a multilocus expectation (x axis). Clines were compared using the logit-
logistic model of Fitzpatrick (2013). Two loci are presented in each plot, black and gray points 
represent the raw data points for each marker. Line color indicates whether markers are shifted 
toward nelsoni (blue) or caudacutus (red) based on estimates of u. Line type indicates whether 







































































































































































































































Figure 2.6. Variance for five morphological traits plotted for 22 sympatric nelsoni and 
caudacutus marshes along the sampling transect (254 individuals): bill length (top left), plumage 
coloration (top middle), plumage definition (top right), weight (bottom left), and wing chord 
(bottom middle). Vmax, calculated as the maximum variance expected under a scenario of 
reproductive isolation, is plotted as a blue line. Traits with variance closer to Vmax have reduced 
introgression.
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Table 2.1. Sampling locations and descriptive statistics for A. caudacutus and A. nelsoni. Table includes marsh names, distance 
along the geographic transect, sampling coordinates, sample size, observed (HO) and expected (HE) heterozygosity, FIS, average 













Lubec, ME 0 44.822 -66.991 9 0.537 0.555 0.032 0.021 NA NA 
Columbia Falls, ME 61 44.644 -67.719 10 0.583 0.563 -0.037 0.003 NA NA 
Narraguagus River - Millbridge, ME 78 44.551 -68.891 9 0.542 0.551 0.018 0.002 NA NA 
Mendell Marsh - Penobscot, ME 155 44.591 -68.859 9 0.583 0.555 -0.050 0.004 0.06 0.38 
Weskeag Marsh - South Thomaston, ME 216 44.077 -69.142 9 0.592 0.760 0.221* 0.430 0.44 0.31 
Sheepscot River - Newcastle, ME 252 44.065 -69.597 7 0.643 0.697 0.077 0.185 0.24 0.42 
Morse Cove - Arrowsic, ME 287 43.816 -69.795 5 0.617 0.799 0.228 0.390 0.39 0.36 
Popham Beach - Phippsburg, ME 292 43.739 -69.806 15 0.675 0.761 0.113* 0.714 0.69 0.28 
Maquoit Bay - Brunswick, ME 313 43.867 -69.988 10 0.613 0.618 0.008 0.083 0.18 0.48 
Cousins River - Yarmouth, ME 328 43.811 -70.156 5 0.614 0.714 0.100 0.201 0.28 0.37 
Spurwink River - Cape Elizabeth, ME 358 43.588 -70.246 16 0.667 0.779 0.143* 0.632 0.61 0.22 
Scarborough Marsh - Scarborough, ME 367 43.575 -70.372 14 0.627 0.773 0.189* 0.645 0.67 0.27 
Saco River - Saco, ME 376 43.492 -70.391 7 0.619 0.784 0.211* 0.566 0.53 0.29 
Marshall Point - Arundel, ME 388 43.381 -70.433 6 0.583 0.766 0.239 0.334 0.33 0.28 
Little River - Wells, ME 398 43.344 -70.538 4 0.594 0.788 0.246 0.540 0.51 0.33 
Eldridge Marsh - Wells, ME 404 43.292 -70.572 9 0.652 0.783 0.166 0.760 0.74 0.25 
Seapoint - Kittery Point, ME 432 43.087 -70.664 9 0.648 0.691 0.063 0.984 0.90 0.21 
Lubberland Creek - Newmarket, NH 452 43.073 -70.903 10 0.704 0.772 0.088 0.747 0.70 0.38 
Chapman's Landing - Stratham, NH 456 43.041 -70.924 10 0.583 0.745 0.217* 0.796 0.74 0.21 
Squamscott River - Exeter, NH 458 43.017 -70.935 6 0.653 0.723 0.095 0.832 0.81 0.21 
Awcomin Marsh - Rye, NH 473 43.006 -70.752 7 0.531 0.788 0.326* 0.429 0.33 0.23 
Drakeside Marsh - Hampton, NH 485 42.931 -70.852 7 0.702 0.678 -0.036 0.995 0.93 0.19 
Hampton Beach - Hampton, NH 489 42.926 -70.806 9 0.694 0.681 -0.020 0.992 0.93 0.22 
Salisbury Marsh - Salisbury, MA 498 42.844 -70.822 10 0.633 0.691 0.084 0.991 0.94 0.18 
Pine Island - Newburyport, MA 505 42.775 -70.827 13 0.660 0.664 0.005 0.996 0.94 0.20 
Plum Island - Newburyport, MA 507 42.774 -70.809 9 0.694 0.702 0.011 0.989 0.93 0.19 
Castle Hill - Ipswich, MA 512 42.679 -70.773 7 0.702 0.675 -0.040 0.998 0.95 0.17 
Farm Creek Marshes - Gloucester, MA 526 42.658 -70.708 10 0.639 0.716 0.107 0.993 0.93 0.16 
Rever, MA 565 42.436 -71.011 5 0.617 0.688 0.104 0.997 0.98 0.14 
Monomoy Island - Chatham, MA 688 41.603 -69.987 11 0.598 0.646 0.074 0.998 NA NA 
Prudence Island - Jamestown, RI 800 41.647 -71.343 9 0.606 0.639 0.053 0.998 NA NA 
Hammonasset Beach - Madison, CT 910 41.263 -72.551 10 0.642 0.705 0.089 0.997 NA NA 
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Table 2.2. Summary of v and u estimates from concordance tests. These parameters were 
estimated based on the comparison of each focal locus to a multilocus expectation using a logit-
logistic model. Parameter estimates are presented for 24 microsatellite loci, 2 mitochondrial 
genes, 2 z-linked genes, and 1 nuclear gene. Perfect concordance between a focal locus and the 
multilocus expectation is a diagonal line (u = 0 and v =1).  
 
Locus Asymmetry (u) Slope (ν)   
 
nelsoni caudacutus Gradual Abrupt 
Ammo001 
 








+ 0.077 −0.670 
 Ammo008 -0.007 
 
-0.306 





+ 0.098 -0.035 
 Ammo003 
 
+ 0.009 -0.451 





+ 0.146 -0.221 
 Ammo030 
 








+ 0.028 -0.037 
 Escu1 -0.083 
 
-0.564 
 Aca01 -0.220 
 
-0.590 





+ 0.028 -0.958 
 Aca08 
 
+ 0.429 -0.379 
 Ammo028 
 
+ 0.028 -0.915 
 Ammo034 -0.485 
 
-0.461 





+ 0.198 -0.279 





+ 0.019 -0.596 
 Aca04 
 























Table 2.3. Parameter estimates for the best fitting clines for 29 markers, including (in order from 
top to bottom): 12 diagnostic microsatellites, 12 neutral microsatellites, 2 mitochondrial markers, 
2 z-linked markers, and 1 nuclear marker. Geographic clines were fit using the R package HZAR. 
For each locus, we present the top model, estimates for cline width (w), cline center (c), 
pMin/pMax (allele frequencies at the end of the cline), estimates for the shape of the left, right, 
and mirrored tails, and the AICc.
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best&fit&Ammo001! Pmin/Pmax!fixed,!no!tails! 401.26!(313.01!:!532.13)! 325.42!(288.98!:!356.22)! 0!(fixed)! 1!(fixed)! NA! NA! NA! NA! NA! NA! 59.40733!Ammo006! Pmin/Pmanx!fixed,!left!tail! 248.12!(142.16!:!420.99)! 349.82!(294.33!:!393.54)! 0!(fixed)! 1!(fixed)! 0.85! 0.5! NA! NA! NA! NA! 51.26572!Ammo017! Pmin/Pmax!fixed,!no!tails! 619.85!(469.9!:!871.3)! 229.08!(158.21!:!279.31)! 0!(fixed)! 1!(fixed)! NA! NA! NA! NA! NA! NA! 38.49596!
Ammo008! Pmin/Pmax!fixed,!mirror!tails! 430.16!(341.34!:!598.06)! 332.66!(292.59!:!361.66)! 0!(fixed)! 1!(fixed)! NA! NA! NA! NA! 271.5! 0.0! 48.94506!Ammo027! Pmin/Pmax!fixed,!right!tail! 377.28!(292.21!:!511.31)! 350.59!(318.50!:!378.73)! 0!(fixed)! 1!(fixed)! NA! NA! 156.78! 0.07! NA! NA! 44.69117!Ammo015! Pmin/Pmax!fixed,!no!tails! 336.68!(263.38!:!441.98)! 333.40!(301.87!:!360.36)! 0!(fixed)! 1!(fixed)! NA! NA! NA! NA! NA! NA! 50.7184!
Ammo003! Pmin/Pmax!observed,!no!tails! 393.52!(290.96!:!557.14)! 349.81!(312.31!:!382.95)! 0! 0.9! NA! NA! NA! NA! NA! NA! 29.95087!Ammo023! Pmin/Pmax!fixed,!right!tail! 328.79!(260.80!:!438.51)! 336.03!(306.35!:!362.53)! 0!(fixed)! 1!(fixed)! NA! NA! 175.86! 0.00! NA! NA! 52.34138!
Ammo012! Pmin/Pmax!fixed,!no!tails! 377.14!(294.25!:!498.37)! 331.05!(296.75!:!360.29)! 0!(fixed)! 1!(fixed)! NA! NA! NA! NA! NA! NA! 38.59027!
Ammo030! Pmin/Pmax!fixed,!mirror!tails! 414.72!(301.59!:!545.14)! 303.25!(266.38!:!339.25)! 0!(fixed)! 1!(fixed)! NA! NA! NA! NA! 240.3! 0.0! 45.33692!Ammo036! Pmin/Pmax!fixed,!no!tails! 390.91!(304.64!:!517.59)! 329.39!(294.13!:!359.47)! 0!(fixed)! 1!(fixed)! NA! NA! NA! NA! NA! NA! 42.29739!Ammo016! Pmin/Pmax!fixed,!no!tails! 355.08!(277.59!:!467.45)! 330.41!(297.40!:!358.50)! 0!(fixed)! 1!(fixed)! NA! NA! NA! NA! NA! NA! 51.76902!
Escu1! Pmin/Pmax!estimated,!no!tails! 324.79!(164.62!:!564.91)! 305.76!(236.92!:!375.68)! 0.02! 0.71! NA! NA! NA! NA! NA! NA! 45.11181!Aca01! Pmin/Pmax!fixed,!no!tails! 573.52!(438.09!:!794.12)! 230.56!(165.18!:!278.01)! 0!(fixed)! 1!(fixed)! NA! NA! NA! NA! NA! NA! 27.04802!
Asu18! Pmin/Pmax!estimated,!no!tails! 278.57!(64.34!:!676.36)! 279.66!(166.01!:!368.15)! 0.11! 0.67! NA! NA! NA! NA! NA! NA! 40.47708!Aca12! Pmin/Pmax! 969.57!(607.18! 313.39!(229.74!:! 0.125! 0.889! NA! NA! NA! NA! NA! NA! 22.28862!
!
observed,!no!tails! :!969.99)! 395.79)!Aca08! Pmin/Pmax!fixed,!no!tails! 613.14!(464.93!:!853.43)! 350.56!(303.09!:!391.63)! 0!(fixed)! 1!(fixed)! NA! NA! NA! NA! NA! NA! 36.1816!Ammo028! Null!Model! NA! NA! NA! NA! NA! NA! NA! NA! NA! NA! 30.08239!
Ammo034! Pmin/Pmax!fixed,!mirror!tails! 405.81!(309.38!:!547.61)! 295.14!(254.16!:!328.33)! 0!(fixed)! 1!(fixed)! NA! NA! NA! NA! 239.7! 0.086! 35.99985!
Ammo002! Pmin/Pmax!observed,!no!tails! 327.93!(239.38!:!456.58)! 313.40!(272.38!:!346.71)! 0.109! 1! NA! NA! NA! NA! NA! NA! 41.30775!
Asu15! Pmin/Pmax!fixed,!mirror!tails! 394.21!(295.34!:!556.81)! 330.15!(290.51!:!361.28)! 0!(fixed)! 1!(fixed)! NA! NA! NA! NA! 237.2! 0.013! 37.69459!
Aca05! Pmin/Pmax!observed,!mirror!tails! 341.90!(53.34!:!921.18)! 421.24!(357.34!:!469.42)! 0.278! 0.929! NA! NA! NA! NA! 87.45! 0.002! 18.60483!
Ammo020! Pmin/Pmax!observed,!no!tails! 418.56!(291.17!:!625.28)! 333.47!(280.87!:!374.64)! 0.222! 1! NA! NA! NA! NA! NA! NA! 41.08943!
Aca04! Pmin/Pmax!estimated,!no!tails! 37.73!(0!:!434.56)! 419.01!(337.95!:!483.85)! 0.283! 0.454! NA! NA! NA! NA! NA! NA! 24.34919!
ND2! Pmin/Pmax!estimated,!no!tails! 264.11!(172.17!:!373.17)! 391.96!(356.44!:!430.66)! 0.129! 0.999! NA! NA! NA! NA! NA! NA! 80.13945!
ND3! Pmin/Pmax!estimated,!no!tails! 264.11!(172.17!:!373.17)! 391.96!(356.44!:!430.66)! 0.129! 0.999! NA! NA! NA! NA! NA! NA! 80.13945!SLC45A2! Pmin/Pmax!fixed,!no!tails! 299.01!(233.91!:!390.53)! 322.41!(292.12!:!348.18)! 0!(fixed)! 1!(fixed)! NA! NA! NA! NA! NA! NA! 63.3274!
SLC30A5! Pmin/Pmax!observed,!no!tails! 358.56!(250.63!:!527.95)! 297.83!(244.79!:!337.22)! 0.12! 1! NA! NA! NA! NA! NA! NA! 60.4083!Rag1! Pmin/Pmax!fixed,!right!tails! 424.55!(267.63!:!591.59)! 341.84!(287.23!:!374.29)! 0!(fixed)! 1!(fixed)! NA! NA! 169.01! 0.14! NA! NA! 53.77633!
! 81!
Table 2.4. Parameter estimates for the best fitting clines for 5 morphological traits using the 
package HZAR. For each trait, we present the best model, cline center (c), cline width (w), and 
AICc.  
 
Trait Best Model ω c 
AICc - 15-




17.18 (0.98 - 
307.37) 





53.82 (0.98 - 
578.22) 





353.06 (248.19 - 
488.88) 






450.36 (323.83 – 
641.37) 






283.15 (244.47 – 
356.67) 







































Supplementary Figure 2.1. Selection tests for 24 genetic markers for A. caudacutus and A. 
nelsoni populations. FST is plotted as a function of heterozygosity. Markers located in the gray 
area are within neutral expectation, markers in the red area are candidates for positive selection, 





Supplementary Figure 2.2. Determination of the number of genetic clusters (K) for nelsoni and 






Markers Candidate balancing selection Candidate neutral Candidate positive selection




































Supplementary Figure 2.3. Heat map showing genetic differentiation (FST) among the 32 
sampled marshes. Populations range from Lubec, Maine (point 1) to Madison, Connecticut 

































































Supplementary Figure 2.4. Plot of introgression patterns for 29 markers (24 microsatellites, 1 
nuclear gene, 2 mitochondrial genes, and 2 z-linked genes). Each column represents a marker 
and each row represents an individual (allopatric individuals are not included). Colors 
correspond to parental alleles: 2 nelsoni alleles (white), 2 caudacutus alleles (black), and 1 allele 









































































































































Supplementary Figure 2. 5. : Genomic clines estimated in introgress for A. caudacutus and A. 
nelsoni. Each plot represents a marker and includes the name of each locus and a P value from 
the analysis. Solid color lines represent genomic clines for caudacutus homozygote genotypes, 
dashed lines represent genomic clines for heterozygote genotypes. Shaded areas represent 95% 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Supplementary Table 2.1. Primer information for the markers used in this study. Table includes locus name, annealing 
temperatures, fragment length, the number of individuals with haplotype data (either from sequencing or restriction fragment 







(bp) N Primer Sequence Reference 
ND3 (mitochondrial) 46° 356 284 
F: GACTTCCAATCTTTAAAATCTGG  
R: GATTTGTTGAGCCGAAATCAAC Chesser 1999 
ND2 (mitochondrial) 58°  1100 284 
F: GGCCCATACCCCGRAAATG 
R: ACTCTTRTTTAAGGCTTTGAAGGC Sorenson et al. 1999 
SLC45A-2 (Z-linked) 60° 183 283 
F: TCAACATTTAGGCTGCATTCC 
R: ACAGGGGACTGTATCCTTGC Made for this study 
SLC30A-5 (Z-linked) 59° 724 271 
F: TGTTAATGCCAACATTTCTTCA 
R: ATTGCCCCGGTTTATTAAGG Made for this study 
RAG-1 (nuclear) 60° 595 284 
 
F: GGCCAGTGGATGATGAAACT 




Supplementary Table 2.2. Restriction Fragment Length Polymorphism (RFLP) assay information for ND2, SLC30A-5, and RAG-
1. Table includes the restriction enzyme used for each assay and the approximate sizes of bands produced for each species. 
Conditions for the restriction digests followed manufacturer protocols. 
 
Marker Restriction Enzyme Banding Patterns for nelsoni Banding Patterns for caudacutus 
ND2 TseI 832 bp, 206 bp 669 bp, 206 bp, 163 bp 
SLC30A-5 PstI 724 bp 324 bp, 400 bp 





EXOGENOUS SELECTION SHAPES ENVIRONMENT-GENOTYPE ASSOCIATIONS IN A 
HYBRID ZONE BETWEEN TWO TIDAL MARSH BIRDS1 
 
Abstract 
Exogenous selection influences hybrid zone maintenance when hybrids are bounded by ecotones 
or when patchily distributed habitat types lead to a corresponding mosaic of genotypes. We 
investigated the role of exogenous selection in shaping a hybrid zone between two recently 
diverged avian taxa – Saltmarsh (Ammodramus caudacutus) and Nelson’s (A. nelsoni) sparrows. 
These species occupy different niches where allopatric, with caudacutus restricted to coastal 
marshes and nelsoni found in a broader array of wetland and grassland habitats and co-occur in 
tidal marshes in sympatry. We determined the influence of habitat types on the distribution of 
pure and hybrid sparrows and assessed the degree of overlap in the ecological niche of each 
taxon. We sampled and genotyped 305 sparrows from 34 marshes across the hybrid zone and 
from adjacent regions. We used linear regression to test for associations between marsh 
characteristics and the distribution of pure and admixed sparrows. We found a positive 
correlation between genotype and environmental variables with a patchy distribution of 
genotypes and habitats across the hybrid zone. The hybrid niche was more similar to that of A. 
nelsoni and habitat suitability was influenced strongly by distance from coastline. Our results 
support a mosaic model of exogenous selection. !
1 Jennifer Walsh, Rebecca J. Rowe, Brian J. Olsen, W. Gregory Shriver, and Adrienne I. Kovach. 
Manuscript prepared for submission to Evolution 
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Key Words: Ammodramus caudacutus, Ammodramus nelsoni, Hybridization, Mosaic Hybrid 




 Hybrid zones are considered windows onto the evolutionary process (Harrison 1990), 
providing unique environments for investigating the mechanisms driving reproductive isolation 
and the role of these processes in generating and preserving biodiversity. Understanding how 
species are maintained in the face of ongoing hybridization and introgression can elucidate 
processes fundamental to speciation. Temporally stable hybrid zones are maintained by a balance 
between dispersal of parental taxa into a zone and selection against hybrids (Haldane 1948; 
Barton & Hewitt 1985). The selective forces responsible for shaping zone dynamics within a 
stable hybrid zone, however, can vary. Selection against hybrids can be driven by endogenous 
forces – habitat-independent selection against hybrid genotypes (Barton 2001) or exogenous 
forces – habitat-dependent selection against hybrids (Endler 1977). Often these forces are not 
mutually exclusive, and a range of factors, including habitat affinity, behavior, and fitness can 
shape hybrid zone dynamics within a natural system. Thus, disentangling the effects of 
exogenous and endogenous selection can provide new insights into the role and function of 
isolating mechanisms and their relative predominance across taxa and systems (e.g., Bronson et 
al. 2003; Hamilton et al. 2013; Tarroso et al. 2014).  
 To evaluate the influence of endogenous and exogenous selection within a hybrid zone, a 
few predictive models have been proposed. A predominant model in explaining endogenous 
selection is the Tension Zone model, which describes habitat-independent selection against 
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hybrids balanced by continued dispersal from parental taxa (Barton and Hewitt 1985). In 
addition, a growing body of research suggests an important and potentially overlooked role for 
exogenous selection in the regulation of both plant and animal hybrid zones (Carson et al. 2012; 
Culumber et al. 2012; Tarroso et al. 2014; De La Torre et al. 2014). Hybrid zones often occur 
along ecological gradients, as transitional habitats may facilitate contact between species 
occupying different ecological niches (Culumber et al. 2012). In cases of environment-dependent 
selection, the spatial distribution of individuals within a hybrid zone should correlate strongly 
with their genotypes (Arnold 1997; Johnston 2001). These genotype-habitat associations may 
arise from habitat preferences or from differential fitness in adjacent habitat types (Arnold 1997). 
The Bounded Hybrid Superiority model (Moore 1977) predicts that hybrid distribution will be 
spatially bounded within an ecologically intermediate area, where hybrid genotypes are more fit 
relative to parental forms. Conversely, the Mosaic Hybrid Zone model (Rand and Harrison 1989; 
Harrison and Rand 1989) predicts that the spatial distribution of pure and hybrid genotypes may 
be highly variable as a result of adaptation of parental forms to two different and patchily 
distributed environments. In both models, exogenous selection may be particularly influential in 
shaping hybrid zones that have formed between recently diverged taxa, for which post-zygotic 
barriers, including hybrid inviability, may be slower to evolve (e.g. avian systems; Fitzpatrick 
2004).  
 In this study, we present an analysis of a naturally occurring hybrid zone between 
Saltmarsh (Ammodramus caudacutus) and Nelson’s sparrows (A. nelsoni). A. caudacutus is a 
habitat specialist, exhibiting a pre-Pleistocene association with tidal salt marshes (Greenlaw and 
Rising 1994; Chan et al. 2006). In contrast, A. nelsoni exhibits a broader ecological niche, 
breeding in grassland and brackish marshes in addition to tidal marshes (Greenlaw 1993; Nocera 
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et al. 2007; Shriver et al. 2011). These recently diverged (~600,000 years; Rising and Avise 
1993; Klicka et al. 2014) sister species have come into secondary contact in the northeastern 
United States likely following the last glacial recession (Rising and Avise 1993). In the USA and 
Maritime Canada, A. nelsoni and A. caudacutus are restricted to a ribbon of tidal marsh habitat 
along the Atlantic seaboard with a subspecies of caudacutus (A.c. caudacutus) inhabiting coastal 
salt marshes from southern Maine to New Jersey and a subspecies of nelsoni (A.n. subvirgatus) 
inhabiting brackish and tidal marshes from the Canadian Maritimes to northern Massachusetts 
(Greenlaw and Rising 1994; Shriver et al. 2011). The two subspecies (from here on referred to as 
nelsoni and caudacutus) overlap and hybridize along a 210 km stretch of the New England coast 
between the Weskeag River estuary in South Thomaston, Maine and Plum Island in 
Newburyport, Massachusetts (Hodgman et al. 2002; Shiver et al. 2005; Walsh et al. 2011). 
Recent genetic studies indicate introgression is widespread and extends beyond this 
geographically defined hybrid zone (Walsh et al. 2015; Walsh et al. in review). While admixture 
appears extensive throughout the hybrid zone, however, genetic structure across sympatric 
populations is patchy, suggesting a potential role for habitat associations (Walsh et al. in review). 
Differential introgression across genetic markers further provides evidence for both endogenous 
and exogenous selective forces acting on the hybrid zone. Specifically, cline analyses showed 
narrow clines for mitochondrial and Z-linked markers, providing support for fitness reductions in 
hybrid females as predicted by Haldane’s rule, and abrupt selection for traits related to tidal 
marsh adaptations, including melanin-based plumage characteristics and pathways related to 
osmotic regulation (Walsh et al. 2015; Walsh et al. in review). Here we explore further the latter 
findings of ecological divergence in nelsoni and caudacutus. We argue that the spatial 
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distribution of tidal marshes along the coastline, coupled with its characteristic adaptive 
gradients, provides an ideal system for investigating environment-dependent selection. 
The nelsoni-caudacutus hybrid zone corresponds geographically to a habitat 
discontinuity along the coastline, with a transition from smaller, isolated, and more brackish 
fringe marshes in the north (pure nelsoni habitat) to more expansive, continuous stretches of 
tidally influenced marshes in the south (pure caudacutus habitat; Greenlaw 1993). Variation in 
habitat affinity suggests a role for local environmental features as a potentially important 
isolating mechanism. Abrupt environmental gradients across the marine-terrestrial ecotone 
within each marsh present adaptive challenges to terrestrial vertebrates (e.g., tidal inundation and 
osmoregulatory demands; Greenberg et al. 2006; Bayard and Elphick 2011), and provide unique 
opportunities to investigate evolutionary processes (Greenberg 2006). While there is a linear, 
latitudinal transition between the brackish upriver (North – nelsoni) and primarily coastal (South 
– caudacutus) marsh types, the intervening habitat found within the hybrid zone is characterized 
by a mix of marsh types. This complex spatial structuring of tidal marsh habitat within the hybrid 
zone may result in a corresponding mosaic of genotypes.  
 Life history traits and reproductive strategy of both nelsoni and caudacutus also suggest 
a role for local environmental features in shaping species distribution and fitness. Both species 
are ground nesters and therefore highly vulnerable to the cyclical lunar high tides. As a result, 
monthly flooding is the leading cause of nest failure in this system (Greenlaw and Rising 1994; 
Shriver et al. 2007; Bayard and Elphick 2011). Comparison of the nesting behavior of the two 
taxa has revealed that caudacutus has greater nesting synchrony with tidal cycles; female 
caudacutus initiate re-nesting on average 3 days after a flooding-caused nest loss, compared to 
an average of 10 days for nelsoni (Shriver et al. 2007). Nesting synchrony is associated with 
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greater nesting success (46.2% for caudacutus versus 25.3% for nelsoni), suggesting that 
caudacutus are better adapted to coastal systems (Shriver et al. 2007; Bayard and Elphick 2010). 
Although nelsoni females are less synchronized with the tidal cycles, their reproductive success 
is partially correlated with higher nest height (Shriver et al. 2007), suggesting a potential 
alternative strategy for nesting in tidal marsh environments.  
 Here we investigated exogenous selection as a reproductive isolating mechanism within 
the nelsoni-caudacutus hybrid zone by evaluating the role of local habitat features in shaping the 
distribution of pure and hybrid individuals. Previous genetic analyses found that pure and 
admixed individuals did not exhibit a clinal transition across the hybrid zone, but rather appeared 
to have a patchy distribution (Walsh et al. in review), suggesting a role for marsh characteristics 
in shaping the distribution of introgressed traits. To test this hypothesis, we employed a 
combination of genetic and geospatial techniques to characterize both genotypic and 
environmental variation across the full extent of the hybrid zone. We hypothesized that the 
environmental gradients characteristic of salt marsh ecosystems would influence the distribution 
of these two differentially adapted taxa and the level and direction of introgression. Specifically, 
we predicted that the complex spatial structuring of river and coastal marshes would best support 
a Mosaic Hybrid Zone model with a highly variable spatial distribution of pure and introgressed 
genotypes. We tested these predictions by (i) evaluating the distribution of pure and admixed 
individuals in relation to environmental characteristics and (ii) assessing differences in the 










 To capture the extent of genetic variation across the hybrid zone, we sampled 305 
sparrows from 34 marshes along a linear transect from Lubec, Maine to Madison, Connecticut 
(Figure 1; Table 1) during the 2012 and 2013 breeding seasons (June – August). Tidal marshes 
are unique in that they are discrete habitat patches that occur in a narrow ribbon along the 
coastline. This spatial arrangement provides a relatively simple experimental design whereby a 
linear transect captures the full extent of variation in pure and admixed populations within and 
surrounding the hybrid zone. We sampled marshes across the hybrid zone approximately every 
10 km (n = 23) and included 4 allopatric nelsoni marshes and 7 allopatric caudacutus marshes. 
We deployed three to six 12-m mist nets with 30 mm mesh to capture a target sample of 10 birds 
from each site. We collected blood samples (10 – 20 µl) from the brachial vein and transferred 
samples to Nobuto blood filter strips (Sterlitech, Kent, Washington) where they were stored at 
room temperature for later genetic analysis. 
 
Quantifying environmental variation 
 
 Sampling efforts covered a diversity of marsh patches to evaluate the relationship among 
the distribution of nelsoni, caudacutus, their hybrids, and environmental variables. Marshes 
varied in size, tidal regimes, and connectivity to neighboring patches (Table 1). We collected all 
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samples within saline or brackish marshes (euhaline to oligohaline); however, the location of 
those marshes varied and included coastal salt marshes adjacent to the ocean, tidal marshes in 
bay systems, and smaller fringe marshes farther up river (Figure 1). We measured a suite of 
environmental variables to describe the differences between pure nelsoni and pure caudacutus 
habitat types including marsh size, isolation, and tidal influence (Table 2). We tested for the 
correlation of site-specific genotypes with seven local variables (size, patch isolation, proportion 
of high marsh, proportion of low marsh, NDVI, distance to upland edge, and distance to 
shoreline to determine genotype-habitat associations; and we used four variables (shoreline 
distance, marsh isolation, NDVI, and vegetation type) to assess niche similarities with ecological 
niche models (Table 2). 
 For genotype-habitat associations, we quantified habitat variables at both the marsh 
complex and a point-of-capture scale. For the marsh complex scale, we defined marsh patches as 
stretches of continuous marsh separated from neighboring marsh by >50 m of upland habitat or 
>500 m of open water (Benoit and Askins 2002), and measured marsh size, distance to ocean 
shoreline, and isolation for the entire patch. We measured marsh size using FRAGSTATS version 4 
(McGarigal et al. 2012). We quantified marsh isolation by calculating a proximity index 
following the methods of Gustafson and Parker (1994) using three buffer sizes: 1 km, 5 km, and 
10 km. Briefly, the proximity index is calculated by measuring the shortest linear distance from 
the focal marsh to the edge of all adjacent marshes within the buffer, dividing the area of each 
adjacent marsh by its distance from the focal marsh, and summing these values for all marshes 
within the buffer (values range from 0 – 10, with 0 being completely isolated). We measured 
distance to shoreline as the minimum distance between the marsh patch and the nearest ocean 
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shoreline (defined using vector layers from USGS National Assessment of Shoreline Change and 
National Geodetic Survey Coastal Mapping Program).  
 At the point-of-capture scale, we collected data on vegetation and distance to upland edge 
within a 5.25-ha buffer around the bird capture locations that correspond to the average core 
home range size of a female Saltmarsh Sparrow (which have the smallest core area of both 
species, males and females; Shriver et al. 2010). We developed a vegetation map for the study 
area that reflected three major vegetation zones: high marsh (inundated only during the monthly 
high tides), low marsh (inundated daily), and mixed marsh in order to quantify local tidal regime 
at our sampling locations. To do this, we obtained five Landsat ETM satellite images (30-m 
spatial resolution), acquired in July-September of 2000 to 2002, which covered the entire study 
area; we did not use any images taken at peak high tide (when most of the marsh is inundated 
with water). We calculated the Normalized Difference Vegetation Index (NDVI), which ranges 
from -1 to 1, with negative values corresponding to an absence of vegetation (Myneni et al. 
1995). We used NDVI to differentiate between inundated areas or low marsh (low NDVI values) 
and vegetated areas or high marsh (higher NDVI values). Using NDVI values for the study area 
as input, we ran an Iso Cluster unsupervised classification in ARCMAP v10 to assign pixels to one 
of five classes: 1) water, 2) pools, 3) low marsh, 4) mixed marsh, and 5) high marsh. We 
evaluated the accuracy of the vegetation map by visiting 137 random points within the study area 
and comparing map classification to field classification (Figure S1, Supporting information). 
Overall classification accuracy of the resulting vegetation map was 72% (Table S1, Supporting 
information) and was therefore suitable for subsequent analyses. We calculated maximum and 
average NDVI and proportion of high and low marsh from the vegetation map at the point-of-
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capture scale for genotype-habitat associations. We also used latitude as a covariate in the 
genotype-habitat associations. 
For ecological niche models, we included four environmental variables over a continuous 
spatial extent covering the entire study area: distance to shoreline, marsh isolation, NDVI, and 
vegetation zones, characterizing vegetation as high, mixed, and low marsh (Table 2). We 
calculated the distance to shoreline by creating a continuous Euclidean distance surface using the 
same shoreline vector layers (see above) as input in ARCMAP v10 (ESRI). Similarly, to quantify 
patch isolation, we created another continuous Euclidean distance surface that represented the 
distance between suitable habitats using all marsh patches within the study area as input. We also 
included vegetation maps and raw NDVI values for the entire study area in the niche models.  
  
DNA extraction and microsatellite genotyping 
 
 We extracted DNA from the blood samples using a DNeasy blood kit (Qiagen, Valencia, 
California) according to manufacturer protocol. DNA was amplified using 24 microsatellite loci 
combined in 4 multiplexes: Ammo001, Ammo002, Ammo003, Ammo006, Ammo008, Ammo012, 
Ammo015, Ammo016, Ammo017, Ammo020, Ammo023, Ammo027, Ammo028, Ammo030, 
Ammo034, Ammo036 (Kovach et al. 2015), Escµ1 (Hanotte et al. 1994), Asµ15, Asµ18 (Bulgin 
et al. 2003), Aca01, Aca04 Aca05, Aca08, and Aca12 (Hill et al. 2008). The 12 Ammo loci were 
developed as diagnostic markers for differentiating nelsoni, caudacutus, and their hybrids 
(Kovach et al. 2015). Multiplexes were run in 15 – 25 µl polymerase chain reactions containing 2 
µl of eluted genomic DNA, 0.1 – 0.7 µM of each dye labeled primer, 2.0 mM MgCl2, 1X PCR 
buffer (Promega, Madison, Wisconsin), 0.12 mM of deoxyribonucleotides, and 1 unit of Taq 
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DNA polymerase (Promega). Cycling conditions for the Hanotte et al. (1994), Bulgin et al. 
(2003), and Hill et al. (2008) primers followed Walsh et al. (2012), and conditions for the Ammo 
primers followed Walsh et al. (2015). Amplified products were electrophoresed on an automated 
DNA sequencer (ABI 3130 Genetic Analyzer: Applied Biosystems, Foster City, California) and 




 To evaluate the distribution of pure and admixed individuals across the hybrid zone, we 
calculated a site-averaged genotype for correlation with measured environmental features and we 
also assigned individuals to genotypic classes. To obtain a site-averaged genotype, we first 
characterized spatial variation in allele frequencies using principal components analysis (PCA; 
Patterson et al. 2006) of the multilocus genotypes with the PRCOMP function in R (R 
Development Core Team 2009). Eigenvectors for all PCAs (genotype and habitat; see below) 
were rotated using varimax rotation (Krzanowski 2000). Principal component one (PC1) 
explained 42% of the variation and reflected the relative contribution of nelsoni and caudacutus 
alleles to an individual genotype (negative scores were representative of nelsoni genotypes and 
positive scores representative of caudacutus genotypes; Figure S2, Supporting information). 
Individual PC1 scores were averaged for each sampling location, representing the average allelic 
composition of a population. To classify admixed individuals into genotypic classes (pure, 
backcrossed, F1/F2), we used the R-package introgress (Gompert and Buerkle 2009, 2010). We 
calculated a hybrid index for each admixed individual and estimated interspecific heterozygosity. 
We then compared the two values for each admixed individual and assigned sparrows to 
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genotypic classes following the methods of Milne and Abbott (2008). As described in Walsh et 
al. 2015, we considered individuals with intermediate hybrid index (0.25 – 0.75) and high 
heterozygosity (>0.3) to be recent-generation hybrids (F1, F2), and individuals with low hybrid 
index <0.25 or >0.75) and low heterozygosity (<0.3) as backcrossed. We considered individuals 
to be pure nelsoni if they had a hybrid index of 0 – 0.05 and pure caudacutus with a hybrid index 




 We tested for correlations between habitat variables and genotype to assess whether the 
distribution of pure and admixed individuals was dependent on environmental features at the 
point-of-capture (vegetation) and marsh complex (size, proximity, distance to shoreline) scale. 
Based on our predictions for a mosaic hybrid zone, we expected to see a correlation between 
habitat type and genotype. To test for this, we used a PCA of all habitat variables (marsh 
complex and point-of-capture scale) to identify the features that were most informative in 
explaining variation in marsh habitats. To capture differences between the marsh complex and 
point-of-capture scale, we also performed a PCA on variables collected at these two scales 
separately. Because PC scores appear to roughly separate marshes based on tidal regime, 
vegetation composition, size, and isolation (Figure S6, Supporting information), we used the 
distribution of PC1 scores (all habitat variables collected over both spatial scales) to broadly 
classify marshes as coastal, river, and intermediate. Marshes that were smaller, dryer, farther 
from the coastline, and more isolated were associated with the negative side of PC1 and 
represented upriver marshes. Marshes that were larger, wetter, closer to the coastline, and more 
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continuous were associated with the positive side of PC1 and represented coastal marshes. To 
ensure that there were clear habitat differences among the sites and that latitude was not the main 
driver of the PCA results, we also ran a PCA excluding latitude. The same proportion of the 
variation was explained with and without latitude and thus we removed latitude for subsequent 
analyses. To relate marsh-level allele frequencies to habitat variation, we used the site-averaged 
allele frequency scores from the genotype PCA as a dependent variable in a linear regression. 
We used the scores from the PC1 axis of the local and marsh complex habitat variables (both 
separately and combined) as predictor variables. We used the MASS package in R for these 
analyses.   
 
Ecological niche models  
 
 We used ecological niche modeling to assess differences in the niche space of pure 
caudacutus, nelsoni, and hybrids. Based on our predictions for a mosaic hybrid zone, we 
expected to see variation in niche space for pure and hybrid individuals and a patchy distribution 
of both upriver and coastal marsh habitat types and genotypes across the hybrid zone. We 
developed ecological niche models for each parental species and hybrids using a maximum 
entropy method implemented in the program Maxent v.3.3.2 (Phillips et al. 2006; Phillips and 
Dudik 2008). We input occurrence data for pure nelsoni (n = 94) and pure caudacutus (n = 83) 
from our transect sampling efforts (points used only if genetically pure individuals were 
identified at a site) and from a range-wide survey (points used only if outside of the putative 
hybrid zone; Wiest et al. in review, Table S2; Figure S5, Supporting information). Hybrid 
occurrence points (n = 23) included transect sampling sites where individuals were classified as 
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admixed based on multilocus genotypes (Table S2; Figure S5, Supporting information). Because 
both species are marsh specialists, the four environmental data layers (described above) were 
clipped to include only marsh habitat in our study area - Maine to Connecticut.  
 Maxent uses environmental data from known occurrence points to predict the expected 
distribution of a species and produces a map where each grid cell represents the predicted 
suitability for each species. The performance of each model is estimated based on the area under 
the receiver operating curve (AUC); higher AUC values indicate better predictive ability of a 
model whereas values equal to 0.5 indicate that a model performed no better than random 
(Phillips and Dudik 2008). We ran Maxent with 10 replicate runs per species and 5,000 iterations 
using the K-fold cross-validation method (K = 10; Phillips et al. 2006). We averaged AUC 
values across the 10 replicates for each species and considered models with a mean AUC ≥ 0.7 to 
be informative (Swets 1998). We developed a threshold value for suitable versus unsuitable 
habitat following the methods of Chatfield et al. (2010). We examined the cumulative 
probabilities associated with each occurrence point and classified any grid cell falling in the 
lower 5th percentile of this distribution as unsuitable habitat. We used the program ENMTools 
(Warren et al. 2008, 2010) to quantify the amount of niche overlap between nelsoni, caudacutus, 
and hybrids. ENMTools employs two measures for niche overlap, Schoener’s D and Warren’s I, 




Genetic variation and hybrid zone analysis 
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 We genotyped 290 individuals at 24 microsatellite loci; 4 individuals (1.4%) had missing 
data for no more than two loci. Across the geographic transect, we identified 51 (18%) 
genotypically ‘pure’ nelsoni individuals and 89 (30%) genotypically ‘pure’ caudacutus 
individuals (including 60 allopatric individuals assumed to be genetically pure). The remaining 
52% of the individuals sampled were admixed (Figure 2), with nelsoni-like hybrids and 
caudacutus-like hybrids comprising 15% and 34% of the individuals, respectively. Intermediate 
(F1/F2) hybrids comprised 3% (n = 8) of the individuals sampled across the transect (Walsh et al. 
2015). Genotypic composition was patchily distributed by marsh with the proportions of parental 
and admixed genotypes varying among sites and between adjacent marshes (Figure 2). A 
comparison of pure and hybrid distribution across marsh types revealed that F1/F2 hybrids were 
found only in upriver or intermediate marshes (those with intermediate PC1 scores; see methods) 
as opposed to coastal marshes (Figure 2). We found that upriver and intermediate marshes were 
characterized by higher diversity of genotypic classes, with a more even distribution of pure and 
backcrossed individuals. Coastal marshes were characterized by high proportions of pure and 




 Marsh characteristics differed between pure nelsoni and caudacutus: on average, marshes 
dominated by nelsoni genotypes (nelsoni marshes) were smaller, more isolated, and dryer than 
marshes dominated by caudacutus genotypes (caudacutus marshes). Average size and proximity 
indices were 80 ha (SE ± 25 ha) and 0.01 (± 0.01) respectively for pure nelsoni marshes 
compared to 222 ha (± 100 ha) and 0.42 (± 0.27) for pure caudacutus marshes. The average 
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proportion of low marsh was also lower in the pure nelsoni marshes (2.0 ± 2.21%) compared to 
the pure caudacutus marshes (23.0 ± 8.8%). A PCA of all measured habitat variables identified 
two axes that explained a majority of the environmental variation (34% and 17%; Table 3). PC1 
was highly correlated with NDVI, ratio of high marsh, and distance to shoreline – variables 
indicative of tidal regime. PC2 was highly correlated with marsh size and proximity – variables 
indicative of patch-level characteristics (Figure S4, Supporting information).  
 
Genotype-habitat associations & ecological niche models 
 
 Habitat variables across the two spatial scales (point-of-capture and marsh complex) 
explained the distribution of caudacutus and nelsoni alleles across the study area (R2 = 0.35, P < 
0.001). Marsh complex characteristics (size, proximity, distance to shoreline, and distance to 
upland) explained more of the variation in allelic distribution (R2 = 0.45, P < 0.001; Figure 3) 
than point-of-capture (local vegetation) characteristics (R2 = 0.10, P = 0.03). Parental species 
occurred with greatest frequency at the extremes along PC axis one, which described the 
transition from upriver to coastal marshes (Figure S6, Supporting information). When allopatric 
populations were removed, both the full suite of environmental variables (R2 = 0.13, P = 0.04) 
and the marsh complex characteristics (R2 = 0.34, P = 0.001) explained the distribution of 
caudacutus and nelsoni alleles across the sympatric populations.   
 Ecological niche models for pure species and hybrids performed better than random, 
resulting in mean AUC values >0.7 (A. nelsoni – mean ± SD = 0.800 ± 0.055; A. caudacutus = 
0.741 ± 0.089; hybrids = 0.792 ± 0.127). The relative contribution of vegetation composition, 
marsh isolation, and shoreline distance to the niche models varied for the three groups (Table 4). 
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Shoreline distance made a strong relative contribution to the Maxent models for both pure 
caudacutus and nelsoni (47.9% and 35.6%, respectively; Table 4). The relative contribution of 
vegetation composition (high marsh, mixed marsh, and low marsh; 35.6%; nelsoni, 19%; 
caudacutus) and proximity index (17.3%; nelsoni, 30.9%; caudacutus) varied across the pure 
niche models. NDVI was most important for the hybrid niche models (44.3%), followed by 
vegetation composition (29.9%) and distance to shoreline (13.3%). The probability of occurrence, 
based on individual habitat variables, fluctuated for each group with hybrids intermediate 
between the two pure taxa (Figure 4). Habitat suitability varied between pure taxa: nelsoni had a 
higher probability of occurring in dry marshes, farther from the ocean, while caudacutus 
occurred in both wet and dry marshes that were larger, more connected, and closer to the coast. 
In some instances, hybrids showed similarities to pure caudacutus and in other instances, the 
hybrid occurrence probabilities mirrored patterns more closely found in pure nelsoni. Hybrids 
were similar to nelsoni with a higher probability of occurrence in dry marshes farther from the 
ocean and similar to caudacutus with a higher probability of occurrence in more connected 
marshes.   
 When comparing known occurrences to the predicted distributions (categorized as 
suitable versus unsuitable based on cumulative thresholds), the niche models matched the 
observed data well. A high percentage of the known occurrence points (78% of nelsoni, 82% of 
caudacutus, and 80% of hybrid points) fell within habitat predicted to be suitable by Maxent. 
There were observable differences in the distribution maps for nelsoni and caudacutus, with 
nelsoni more commonly predicted up river and caudacutus predicted along the coast (Figure 5; 
Figure S7, Supporting information). Substantial niche overlap was evident among the three 
groups. While nelsoni and caudacutus occupied similar niches, there were some differences in 
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niche type occupied by the two parental groups (Schoener’s D = 0.78; Warren’s I = 0.95). 
Hybrids showed greater niche overlap with nelsoni (D = 0.88 W = 0.989) than with caudacutus 
(D = 0.81; W = 0.96). Similar to the pure nelsoni group, hybrids appeared to be more commonly 




 Our study offers support for local habitat features in shaping hybrid zone dynamics 
across a tidal marsh gradient and suggests an important role for habitat divergence and salt marsh 
adaptation as an isolating mechanism between two avian sister species. Hybridization and 
backcrossing are frequent between nelsoni and caudacutus, as 52% of individuals sampled 
across the geographic transect were genotypically admixed and very few of them were recent 
generation (F1/F2) hybrids (3%), indicating that a majority of the sampled individuals are at least 
one generation or more backcrossed (Walsh et al. 2015). We found that habitat features were 
important in shaping the distribution of genotypes across allopatric and sympatric populations 
and suggest a role for exogenous effects as an isolating mechanism between nelsoni and 
caudacutus. Using field data and geospatial techniques, we characterized site-level differences 
across our study system. As such, our approach offers novel insight into the finer-scale 
environmental structuring of tidal marshes and enhances our understanding of the spatial 
dynamics of nelsoni, caudacutus, and their hybrids. 
  Our results suggest complex spatial structuring of parental taxa and hybrids, indicative of 
a mosaic hybrid zone. As such, our findings contribute to a growing body of literature supporting 
the importance of exogenous selection in hybrid zones (Carson et al. 2012; Tarroso et al. 2014).  
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Recent studies have found increasing evidence for spatial structuring across numerous ecological 
gradients, including temperature gradients (Culumber et al. 2012), vegetation/substrate gradients 
(Shurtliff et al. 2014), bioclimatic gradients (Tarroso 2014), and and elevational gradients 
(DuBay et al. 2014). This study offers empirical evidence for exogenous selection in a novel 
ecotone, providing support for hybrid zone maintenance along tidal marsh gradients. 
 
Relationship between genotype and marsh habitat   
 
 Environmental variation explained the spatial distribution of A. nelsoni and A. 
caudacutus genotypes across our sampling area. There was a positive correlation between site-
averaged genotype and habitat variables, which appears to be largely driven by tidal regime (as 
predicted by vegetation) within a marsh patch and more general marsh features (size, isolation, 
distance to shoreline) at the marsh-complex scale. Comparison of suitability predictions from 
ecological niche models further shows that nelsoni, caudacutus, and their hybrids display slight 
differences in niche breadth, despite broad similarity in habitat suitability. We detected marked 
differences in habitat type between allopatric nelsoni and allopatric caudacutus populations. Pure 
nelsoni marshes were generally characterized as small, isolated, brackish river marshes in 
comparison to pure caudacutus marshes, which were larger, more connected, and saline coastal 
marshes. These findings are consistent with previous observations of habitat differences between 
A. caudacutus and A. nelsoni (Greenlaw 1993; Greenlaw and Rising 1994). While the hybrid 
zone cannot be characterized as an intermediate habitat type (or ecotone) in the more traditional 
sense, it does display a higher diversity of marsh types than found to the north and south of the 
zone (based on the distribution of habitat PC scores). The diversity of habitat within the hybrid 
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zone thus likely facilitates the co-habitation of pure individuals and creates increased 
opportunities for hybridization.  
 Within the hybrid zone, genotypes were patchily distributed across sites, indicative of a 
mosaic hybrid zone (Rand and Harrison 1989; Harrison and Rand 1989). The extent to which 
local environmental features influence introgression is dependent on how restricted a species is 
to a habitat and how that habitat is distributed across the landscape (Nosil et al. 2005; Shurtliff et 
al. 2013). Our results suggest that local marsh characteristics shape the distribution of nelsoni 
and caudacutus individuals, and their hybrids, either due to active habitat preferences or 
differential adaptation. These findings are supported by previous work showing differential 
selection for traits related to salt marsh adaptations (Walsh et al. in review). We argue that the 
observed distributions cannot be explained by geographic location alone, as marshes differ in 
genotypic composition even over short distances. For example, at Popham Beach, Maine 
(sampling location 8) we identified a mix of genotypes (pure individuals and both backcrossed 
and recent generation hybrids), while approximately 20 km away Maquoit Bay, Maine (sampling 
location 9) was comprised of only pure and backcrossed nelsoni. Based on habitat data (point-of-
capture scale), both Popham Beach and Maquoit Bay were dry with an abundance of high marsh 
(100% and 62%, respectively) in areas where the birds were sampled. This translates into nesting 
habitat that is suitable for both caudacutus and nelsoni. One key difference between Popham 
Beach and Maquoit Bay, however, is the difference in size and degree of isolation. Popham 
Beach is larger and more connected (143 ha, proximity index of 0.25) compared to Maquoit Bay 
(28 hectares, proximity index of 0.034). Maquoit Bay is also more sheltered and less tidally 
influenced compared to Popham Beach, which is a coastal marsh. While 28 hectares is not too 
small to support caudacutus populations (Benoit and Askins 2002), the vegetation at Popham 
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Beach combined with the size and connectivity of the marsh may provide suitable habitat for 
both species, whereas the vegetation is suitable at Maquoit Bay but the marsh is too isolated for 
caudacutus, thus explaining the observed patterns.  
 Further support for a mosaic pattern across the nelsoni-caudacutus hybrid zone comes 
from the observed distribution of genotypic classes (pure, F1/F2, and backcrossed individuals) 
within the major marsh types (coastal, river, and intermediate classifications based on habitat 
PC1 scores). We found that coastal marshes are comprised predominantly of pure and 
backcrossed caudacutus individuals (94% of individuals in coastal sites were from these two 
genotypic classes). This is in contrast to genotypic composition within the intermediate and river 
marshes, where we observed predominantly nelsoni individuals (pure and backcrossed), F1/F2 
hybrids, and backcrossed caudacutus. The proportion of pure caudacutus was relatively low in 
intermediate and river marshes, comprising 13% and 17% of individuals in these sites, 
respectively. Based on our findings, it seems likely that rates of hybridization and introgression 
vary among marsh patches based on local habitat characteristics.  
 Arguably, limits to nelsoni reproductive success in coastal marshes may contribute to 
some degree of habitat isolation (Nosil 2012). Although the drivers of habitat selection are less 
clear in caudacutus, we did detect comparatively fewer pure caudacutus individuals in river and 
intermediate marshes compared to coastal marshes. Further, while we did document caudacutus 
individuals in intermediate and river sites, a high percentage of the birds were backcrossed as 
opposed to pure (comprising 36% of individuals in intermediate marshes and 25% in river 
marshes). It is possible that while the habitat may be suitable for nesting in the upriver sites, the 
isolation of some of the river marshes within our study area make them less accessible to pure 
caudacutus, if they follow a coastal migration pattern, which may be predicted for birds breeding 
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in tidal marshes. Despite the isolation of river marshes, the presence of backcrossed caudacutus 
likely prevents complete reproductive isolation and may lead to increased admixture in river and 
intermediate habitats. 
 
Exogenous selection as a mechanism for hybrid zone maintenance 
 
 In coastal and marine systems, spatial structure within hybrid zones is often attributed to 
salinity gradients (e.g., bivalves, Nikula et al. 2008; pupfish, Carson et al. 2012; mangroves, 
Cerón-Souza 2014). Similarly, salinity gradients are likely an important driver of selection in this 
system, particularly since Saltmarsh Sparrows differ from upland conspecifics in terms of their 
osmoregulatory biology (Goldstein 2006). Additionally, due to their reliance on tidal marshes for 
nesting habitat, the spatial distribution of individuals within the nelsoni-caudacutus hybrid zone 
is at least partially driven by the tides. The lack of tidal synchrony observed in A. nelsoni females 
(Shriver et al. 2007) places them at a disadvantage when nesting in marshes closer to the 
coastline, as tidal amplitude is higher in these sites. Local vegetation in relation to nest 
placement does not appear to influence nesting success in either species (Shriver et al. 2007; 
Ruskin et al. in revision), suggesting that nest initiation relative to the monthly high tide is the 
best predictor for success. As a result, tidal inundation poses adaptive challenges for A. nelsoni 
and limits the spatial extent over which the two species can co-exist.   
 The spatial distribution of tidal marshes within our study area may further play a role in 
shaping hybrid zone boundaries between pure nelsoni and caudacutus. Mosaic hybrid zones may 
facilitate rapid genetic swamping in cases where pockets of the rare species are found within a 
matrix of a more common species (Dabrowski et al. 2005). Alternatively, strong habitat 
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preferences, and differential fitness across habitat types, may provide refugia for pure individuals 
(Confer et al. 2010; Aldinger and Wood 2014) and limit the frequency of hybridization events. 
Based on our findings, we predict that the local marsh features will limit the extent to which pure 
nelsoni and caudacutus individuals overlap. However, backcrossing appears to be frequent and 
the introgression of parental alleles is not limited or bounded by the transition between marsh 
types along the coastline. 
 To this end, our results indicate that although differences in morphology and reproductive 
success are influencing species interactions and hybridization in this system (Walsh et al. 2015, 
Walsh & Kovach, unpublished data), genotype-habitat correlations suggest that the sharp 
adaptive gradients characteristic of salt marsh ecosystems (Greenberg 2006) are important in 
shaping the distribution of pure species and hybrids. As such, these exogenous forces are likely 
acting simultaneously with endogenous ones, including both prezygotic (genetic 
incompatibilities) and postzygotic (reduced hybrid fitness) factors, as suggested by previous 
support for Haldane’s rule in this system (Walsh et al. in review). The finding that pure 
individuals of both species co-exist with hybrids on some marshes in the hybrid zone suggests 
that exogenous forces alone do not fully account for the interspecific dynamics. However, the 
importance of local marsh characteristics coupled with previous findings of selection for tidal 
marsh adaptation both support a role for ecological divergence in maintaining pure species 
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Figure 3.1. Map of nelsoni and caudacutus sampling locations. Transect sampling locations are 
shown on the map inset: allopatric nelsoni points are in green, sympatric locations are orange, 
and allopatric caudacutus points are red. The larger map shows an example of the marsh patch 
layer with sampling locations indicated by white circles. Colored areas of map indicate 
vegetation type (high marsh in red, mixed marsh in orange, and low marsh in green). 
 
 





Figure 3.2. Distribution of genotypic classes by sampling location (left) and by habitat type 
(right). Left panel shows the distribution of genotypic classes from Lubec, Maine (site code 1) to 
Madison, Connecticut (site code 34) and right panel shows the distribution of genotypic classes 
in coastal, intermediate, and river marshes (based on distribution of PC scores for habitat 
variables; see text). Genotypic classes are color coded as follows: pure caudacutus (red), 






























Figure 3.3. Correlation between habitat PC1 scores at the marsh complex scale (distance to 
shoreline, distance to upland, size, proximity) and genotype PC1 scores. Negative scores are 
more representative of nelsoni alleles (genotype PC) and fringe marshes (habitat PC) and 


















Figure 3.4. Occurrence probabilities for pure caudacutus, pure nelsoni, and hybrids for each of 
the four habitat variables used in the ecological niche models. 
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Figure 3.5. Representative example of suitable habitat predictions for pure caudacutus, pure 
nelsoni, and hybrids in one marsh complex (Hampton/Salisbury marsh in New Hampshire). 
Suitable habitat is shown in green.
±
0 2 4 6 81
Kilometers
 A. nelsoniA. caudacutus Hybrids
Table 3.1. Sampling locations for nelsoni and caudacutus individuals. Table includes a site code for each marsh, the marsh name, 
coordinates, number of individuals sampled, and whether the marsh was considered allopatric nelsoni, sympatric, or allopatric 
caudacutus. Descriptive environmental features are included for each marsh (patch size in hectares, proximity index, and distance of 
marsh to the nearest ocean shoreline in meters). 
Site 








1 Lubec, ME 44.822 -66.991 9 Allopatric nelsoni 15.4 0.000 9852.00 
2 Columbia Falls, ME 44.644 -67.719 10 Allopatric nelsoni 123.2 0.200 11246.00 
3 Narraguagus River - Millbridge, ME 44.551 -68.891 9 Allopatric nelsoni 66.8 0.067 14981.00 
4 Mendell Marsh - Penobscot, ME 44.591 -68.859 9 Allopatric nelsoni 118.2 0.002 5385.00 
5 
Weskeag Marsh - South Thomaston, 
ME 44.077 -69.142 9 Sympatric 128.3 0.006 5795.10 
6 Sheepscot River - Newcastle, ME 44.065 -69.597 7 Sympatric 99.9 0.192 16196.61 
7 Morse Cove - Arrowsic, ME 43.816 -69.795 5 Sympatric 71.02 0.133 6696.00 
8 Popham Beach - Phippsburg, ME 43.739 -69.806 15 Sympatric 143 0.294 793.97 
9 Maquoit Bay - Brunswick, ME 43.867 -69.988 10 Sympatric 27.9 0.051 107.64 
10 Cousins River - Yarmouth, ME 43.811 -70.156 5 Sympatric 65.2 0.023 5156.00 
11 Spurwink River - Cape Elizabeth, ME 43.588 -70.246 16 Sympatric 261.2 0.576 3046.00 
12 
Scarborough Marsh - Scarborough, 
ME 43.575 -70.372 14 Sympatric 959 0.426 3216.41 
13 Saco River - Saco, ME 43.492 -70.391 7 Sympatric 61.7 0.078 516.60 
14 Marshall Point - Arundel, ME 43.381 -70.433 6 Sympatric 160.8 0.067 701.53 
15 Little River - Wells, ME 43.344 -70.538 4 Sympatric 86.2 0.498 735.14 
16 Eldridge Marsh - Wells, ME 43.292 -70.572 9 Sympatric 414 0.733 195.09 
17 York River - York, ME 43.161 -70.732 2 Sympatric 135 0.018 7496.66 
18 Seapoint - Kittery Point, ME 43.087 -70.664 9 Sympatric 21.3 0.402 108.85 
19 Lubberland Creek - Newmarket, NH 43.073 -70.903 10 Sympatric 22.4 0.150 15246.00 
20 Chapman's Landing - Stratham, NH 43.041 -70.924 10 Sympatric 86.9 0.112 14352.73 
21 Squamscott River - Exeter, NH 43.017 -70.935 6 Sympatric 75.24 0.080 15440.09 
22 Awcomin Marsh - Rye, NH 43.006 -70.752 7 Sympatric 78.9 0.591 748.18 
23 Drakeside Marsh - Hampton, NH 42.931 -70.852 7 Sympatric 1775.8* 8.329* 4709.38 
24 Hampton Beach - Hampton, NH 42.926 -70.806 9 Sympatric 1775.8* 8.329* 903.08 
25 Salisbury Marsh - Salisbury, MA 42.844 -70.822 10 Sympatric 1775.8* 8.329* 352.66 
26 Pine Island - Newburyport, MA 42.775 -70.827 13 Sympatric 781 3.061 2129.04 
27 Plum Island - Newburyport, MA 42.774 -70.809 9 Sympatric 781 3.061 595.36 
28 Castle Hill - Ipswich, MA 42.679 -70.773 7 Allopatric caudacutus 746.4 2.407 873.49 
29 Farm Creek Marshes - Gloucester, MA 42.658 -70.708 10 Allopatric caudacutus 75.9 0.575 403.37 
30 Revere, MA 42.436 -71.011 5 Allopatric caudacutus 292.7 0.021 2876.10 
31 Monomoy Island - Chatham, MA 41.603 -69.987 11 Allopatric caudacutus 36.3 0.000 115.54 
32 Waquoit Bay - Mashpee, MA 41.555 -70.506 2 Allopatric caudacutus 28.2 0.164 400.00 
33 Prudence Island - Jamestown, RI 41.647 -71.343 9 Allopatric caudacutus 31.9 0.330 527.70 
34 Hammonasset Beach - Madison, CT 41.263 -72.551 10 Allopatric caudacutus 347.21 0.213 324.07 
        Table3.2. Habitat features quantified for each sampling location and included in this study, including marsh size, proximity to 
neighboring marshes, Normalized Difference Vegetation Index (NDVI), proportion of low (predominantly Spartina alterniflora) and 
high marsh (Spartina patens and Juncus gerardii; vegetation is expressed both separately for genotype-habitat associations or 
compiled as a vegetation map for the ecological niche models), and distance to shoreline and upland edge. Table includes the habitat 
feature measured, rational for each measurement (see text), whether the habitat variable was used for genotype-habitat associations 
(GHA) or ecological niche models (ENM), the scale at which the variable was collected, and the mean and range of values for each 
variable.  
Habitat feature Prediction/Rationale 
Analysis 
Type Scale Mean/Range 
Marsh size 
nelsoni found in smaller marshes 
compared to caudacuts GHA Marsh complex 335 ha/15-1775 ha 
Proximity index/proximity 
surface 
nelsoni found in more isolated 
marshes compared to caudacuts GHA/ENM 
Marsh 
complex/study area 0.985/0 - 8.1 
NDVI (max and average) 
nelsoni found in marshes with a 
higher average NDVI GHA/ENM 
Point of 
capture/study area 0.08/0-0.29 
Proportion of low marsh (S. 
alterniflora) 
nelsoni found in marshes with a 
smaller proportion of low marsh GHA/ENM Point of capture 8.57%/0-58% 
Proportion of high marsh (S. 
patens and j. gerardii) 
nelsoni found in marshes with a 
larger proportion of high marsh GHA/ENM Point of capture 43.65%/0-100% 
Distance to upland 
nelsoni found in up river fringe 
marshes closer to upland edge 
compared to caudacutus GHA Point of capture 218 m/14-1551 m 
Shoreline distance/shoreline 
surface 
nelsoni found further from ocean 
shoreline GHA/ENM 
Marsh complex/ 
study area 4078 m/84.2-16196 m 
 Table 3.3. Factor loadings for the top 2 principal components (PCs) resulting from a Principal 
Component Analysis (PCA) of habitat variables. Rationale for the habitat variables is outlined in 
Table 2. Factor loadings describe local habitat variation among marshes sampled for A. nelsoni 
and A. caudacutus individuals. 
Variable PC1 PC2 
Size 0.28 -0.49 
Proximity index 0.27 -0.47 
Proportion of low marsh 0.25 0.25 
Distance to upland 0.19 0.34 
Ratio of high to low marsh 0.13 0.44 
juncus to alterniflora -0.06 -0.13 
Latitude -0.31 -0.28 
Distance to shoreline -0.33 -0.21 
Proportion of high marsh -0.38 0.03 
NDVI average -0.42 0.05 
NDVI max -0.44 0.11 
Eigenvalue 1.98 1.38 
% Variance 34 17 
 
Table 3.4: Contribution of environmental variables to the nelsoni, caudacutus, and hybrid 
ecological niche models.  
  % Contribution to niche models 
Variable  A. nelsoni A. caudacutus Hybrids 
NDVI 14 2.1 44.3 
Vegetation 35.6 19 29.9 
Shoreline Distance 33.1 47.9 13.3 
Proximity Index 17.3 30.9 12.5 !
! 122!
Supplementary Figure 3.1. Map showing field evaluation points for evaluating the accuracy of 
the vegetation map. At each point, vegetation composition was visually inspected and recorded 
as high, low, or mixed marsh. A point was considered high marsh if it contained greater than 
70% high marsh or low marsh if it contained greater than 70% low marsh. Areas were 
considered mixed if they contained 50:50 high/low marsh vegetation. Classification of field 












Supplementary Figure 3.2. Boxplot of PC1 scores (from PCA of 24 microsatellite loci) for 290 
individuals from 34 marshes, organized from North (pure nelsoni) to South (pure caudacutus). 
Black lines represent the mean PC1 score for each site,  Boxplot boundaries correspond to the 


























Supplementary Figure 3.3. Interspecific heterozygosity plotted against hybrid index for 237 
individuals sampled from putatively sympatric populations. Colors represent assigned genotypic 
classes, which were determined by comparing hybrid index and interspecific heterozygosity for 
each individual. Individuals with intermediate hybrid index (0.25-0.75) and high heterozygosity 
(>0.3) were considered recent generation hybrids and individuals with low hybrid index (<0.25 











































Supplementary Figure 3.4. Loadings for principal components (PCs) one through three for 11 
environmental variables. The percent variance explained (PVE) is listed for each PC. 
 
Supplementary Figure 3.5. Occurrence points used for ecological niche models: pure nelsoni 
represented by green points, admixed represented by red points, and pure caudacutus represented 























Supplementary Figure 3.6. Plot of first and second axis of PCA of all 11 habitat variables. Each 
plot shows PC1 and PC2 scores for 34 marshes and are color coded to represent each of the four 
most influential variables: distance to shoreline, proportion of low marsh, size, and proximity. 
Cumulatively, these plots indicate that marshes with higher PC1 scores are closer to the shoreline, 




































































Supplementary Figure 3.7. Maxent output for a portion of the study area. Cumulative output was 
averaged from 10 Maxent runs and split into suitable (red) and unsuitable (grey) habitat using a 




Supplementary Table 3.1. Summary of vegetation classification accuracy for the remote sensed 
map. Table includes total number of points for each category and the number of points correctly 
classified based on field visits.  
 
Vegetation class 
Map classification - total 
number of points 
Field classification - # 
correctly classified % Accuracy 
High/mixed marsh 91 63 69% 
Low marsh 35 25 71% 
Water (open/pools) 11 11 100% 




A. caudacutus A. nelsoni Hybrids
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Supplementary Table 3.2. Geographic coordinates for occurrence points used in ecological niche 
models. All points are organized by group – pure caudacutus, pure nelsoni, and admixed.  
 
Individual Population X (UTM) Y (UTM) 
S1 Ammodramus caudacutus 386997.17 4813452.01 
S2 Ammodramus caudacutus 346621.03 4768589.95 
S3 Ammodramus caudacutus 355470.88 4722214.32 
S4 Ammodramus caudacutus 333919.34 4685099.92 
S5 Ammodramus caudacutus 333559.89 4684080.95 
S6 Ammodramus caudacutus 359573.02 4653120.00 
S7 Ammodramus caudacutus 358730.40 4652169.81 
S8 Ammodramus caudacutus 358036.45 4651852.55 
S9 Ammodramus caudacutus 359748.06 4652723.65 
S10 Ammodramus caudacutus 363184.18 4616700.57 
S11 Ammodramus caudacutus 297397.03 4618272.94 
S12 Ammodramus caudacutus 303288.94 4620909.59 
S13 Ammodramus caudacutus 298771.02 4618174.99 
S14 Ammodramus caudacutus 313906.08 4619268.99 
S15 Ammodramus caudacutus 308902.03 4616125.95 
S16 Ammodramus caudacutus 308808.49 4616916.56 
S17 Ammodramus caudacutus 309125.83 4616631.21 
S18 Ammodramus caudacutus 306451.87 4610749.66 
S19 Ammodramus caudacutus 311759.76 4611223.78 
S20 Ammodramus caudacutus 310453.66 4612167.35 
S21 Ammodramus caudacutus 309726.69 4612554.91 
S22 Ammodramus caudacutus 309608.14 4613103.50 
S23 Ammodramus caudacutus 306691.14 4611344.11 
S24 Ammodramus caudacutus 315705.88 4601780.14 
S25 Ammodramus caudacutus 316186.91 4601558.86 
S26 Ammodramus caudacutus 376896.46 4579636.46 
S27 Ammodramus caudacutus 377352.09 4582367.76 
S28 Ammodramus caudacutus 378217.56 4581082.05 
S29 Ammodramus caudacutus 374576.18 4581650.00 
S30 Ammodramus caudacutus 373262.88 4584360.52 
S31 Ammodramus caudacutus 374433.15 4581225.58 
S32 Ammodramus caudacutus 373387.19 4583823.27 
S33 Ammodramus caudacutus 350666.67 4578519.93 
S34 Ammodramus caudacutus 389129.18 4811470.63 
S35 Ammodramus caudacutus 354477.72 4726589.13 
S36 Ammodramus caudacutus 381088.03 4622163.95 
S37 Ammodramus caudacutus 382063.80 4620676.62 
S38 Ammodramus caudacutus 381777.18 4620972.54 
S39 Ammodramus caudacutus 382992.43 4620871.94 
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S40 Ammodramus caudacutus 383843.61 4620434.51 
S41 Ammodramus caudacutus 388712.94 4617730.73 
S42 Ammodramus caudacutus 388264.17 4617841.55 
S43 Ammodramus caudacutus 389037.04 4618135.49 
S44 Ammodramus caudacutus 388303.38 4610678.02 
S45 Ammodramus caudacutus 390137.68 4609464.02 
S46 Ammodramus caudacutus 389812.17 4610192.29 
S47 Ammodramus caudacutus 307068.67 4627176.74 
S48 Ammodramus caudacutus 309848.54 4626068.97 
S49 Ammodramus caudacutus 308237.29 4626483.81 
S50 Ammodramus caudacutus 307333.06 4626718.92 
S51 Ammodramus caudacutus 309702.55 4625556.96 
S52 Ammodramus caudacutus 306976.03 4627577.92 
S53 Ammodramus caudacutus 310349.86 4625251.31 
S54 Ammodramus caudacutus 309830.12 4623264.75 
S55 Ammodramus caudacutus 309628.65 4620424.08 
S56 Ammodramus caudacutus 308712.37 4620297.39 
S57 Ammodramus caudacutus 308432.13 4620014.54 
S58 Ammodramus caudacutus 305192.08 4623141.99 
S59 Ammodramus caudacutus 373960.97 4601187.95 
S60 Ammodramus caudacutus 316371.62 4605343.08 
S61 Ammodramus caudacutus 315036.25 4603356.65 
S62 Ammodramus caudacutus 316600.05 4606079.98 
S63 Ammodramus caudacutus 315570.01 4602943.98 
S64 Ammodramus caudacutus 371544.75 4584813.37 
S65 Ammodramus caudacutus 369173.26 4587155.20 
S66 Ammodramus caudacutus 369384.67 4588211.11 
S67 Ammodramus caudacutus 488630.01 4880434.92 
S68 Ammodramus caudacutus 452188.31 4879265.53 
S69 Ammodramus caudacutus 435096.97 4843200.44 
S70 Ammodramus caudacutus 407015.92 4851445.43 
S71 Ammodramus caudacutus 399066.18 4826512.34 
S72 Ammodramus caudacutus 390146.15 4824516.21 
S73 Ammodramus caudacutus 387530.09 4816392.65 
S74 Ammodramus caudacutus 383922.10 4804122.74 
S75 Ammodramus caudacutus 375252.45 4800167.29 
S76 Ammodramus caudacutus 372476.31 4794441.48 
S77 Ammodramus caudacutus 345071.40 4770678.80 
S78 Ammodramus caudacutus 343280.18 4767164.09 
S79 Ammodramus caudacutus 342310.92 4764715.80 
S80 Ammodramus caudacutus 357209.68 4762970.39 
S81 Ammodramus caudacutus 352617.58 4754179.50 
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S82 Ammodramus caudacutus 351114.70 4745101.54 
S83 Ammodramus caudacutus 352010.19 4737305.21 
N1 Ammodramus nelsoni 641732.09 4971983.48 
N2 Ammodramus nelsoni 643514.07 4971189.47 
N3 Ammodramus nelsoni 645321.57 4971315.76 
N4 Ammodramus nelsoni 651502.51 4968265.71 
N5 Ammodramus nelsoni 651267.52 4967823.37 
N6 Ammodramus nelsoni 651313.74 4967217.82 
N7 Ammodramus nelsoni 651008.26 4968552.49 
 
N8 Ammodramus nelsoni 652587.63 4959136.38 
N9 Ammodramus nelsoni 627800.58 4953282.58 
N10 Ammodramus nelsoni 625783.06 4952941.97 
N11 Ammodramus nelsoni 621904.72 4953964.59 
N12 Ammodramus nelsoni 626092.66 4952659.99 
N13 Ammodramus nelsoni 622591.01 4953616.46 
N14 Ammodramus nelsoni 624661.95 4952102.33 
N15 Ammodramus nelsoni 624451.94 4952629.22 
N16 Ammodramus nelsoni 623467.21 4952605.40 
N17 Ammodramus nelsoni 623983.13 4952826.32 
N18 Ammodramus nelsoni 621708.38 4942032.38 
N19 Ammodramus nelsoni 621593.76 4941577.30 
N20 Ammodramus nelsoni 621691.87 4942787.46 
N21 Ammodramus nelsoni 621071.60 4943324.75 
N22 Ammodramus nelsoni 609076.17 4932618.63 
N23 Ammodramus nelsoni 510726.13 4937808.56 
N24 Ammodramus nelsoni 510830.58 4937055.39 
N25 Ammodramus nelsoni 578832.68 4920467.53 
N26 Ammodramus nelsoni 578858.40 4919960.59 
N27 Ammodramus nelsoni 579050.15 4919477.55 
N28 Ammodramus nelsoni 578409.56 4921351.05 
N29 Ammodramus nelsoni 578367.64 4920906.07 
N30 Ammodramus nelsoni 511066.02 4933753.74 
N31 Ammodramus nelsoni 574444.26 4913501.73 
N32 Ammodramus nelsoni 489303.11 4881043.34 
N33 Ammodramus nelsoni 489004.80 4880663.09 
N34 Ammodramus nelsoni 488864.88 4879642.59 
N35 Ammodramus nelsoni 468404.19 4879154.61 
N36 Ammodramus nelsoni 488955.08 4879039.34 
N37 Ammodramus nelsoni 489349.97 4879027.58 
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N38 Ammodramus nelsoni 453352.44 4875128.67 
N39 Ammodramus nelsoni 452743.78 4875063.02 
N40 Ammodramus nelsoni 453070.06 4874738.24 
N41 Ammodramus nelsoni 451285.49 4874646.08 
N42 Ammodramus nelsoni 452241.52 4873719.30 
N43 Ammodramus nelsoni 451302.54 4873653.06 
N44 Ammodramus nelsoni 448826.08 4872512.60 
N45 Ammodramus nelsoni 397300.31 4825588.91 
N46 Ammodramus nelsoni 397101.63 4824261.02 
N47 Ammodramus nelsoni 387690.35 4813402.53 
N48 Ammodramus nelsoni 386062.56 4814439.02 
N49 Ammodramus nelsoni 386775.37 4817135.51 
N50 Ammodramus nelsoni 601194.54 4941470.00 
N51 Ammodramus nelsoni 600608.75 4941285.65 
N52 Ammodramus nelsoni 601552.39 4942074.15 
N53 Ammodramus nelsoni 601419.68 4943467.91 
N54 Ammodramus nelsoni 601760.63 4943897.15 
N55 Ammodramus nelsoni 601567.85 4944383.44 
N56 Ammodramus nelsoni 601623.29 4943086.23 
N57 Ammodramus nelsoni 586218.41 4936128.77 
N58 Ammodramus nelsoni 586460.17 4935614.27 
N59 Ammodramus nelsoni 586803.29 4935019.03 
N60 Ammodramus nelsoni 590671.77 4933662.67 
N61 Ammodramus nelsoni 591105.92 4933465.99 
N62 Ammodramus nelsoni 587192.15 4934648.07 
N63 Ammodramus nelsoni 590209.17 4933622.44 
N64 Ammodramus nelsoni 587698.53 4934160.06 
N65 Ammodramus nelsoni 588293.63 4933509.31 
N66 Ammodramus nelsoni 511120.01 4936494.27 
N67 Ammodramus nelsoni 511259.24 4936133.06 
 
N68 Ammodramus nelsoni 511330.25 4936843.31 
N69 Ammodramus nelsoni 522533.25 4923889.29 
N70 Ammodramus nelsoni 521243.72 4923690.56 
N71 Ammodramus nelsoni 517724.16 4910733.38 
N72 Ammodramus nelsoni 488532.15 4879504.33 
N73 Ammodramus nelsoni 488555.29 4879043.46 
N74 Ammodramus nelsoni 482329.40 4881541.17 
N75 Ammodramus nelsoni 482639.09 4880214.06 
N76 Ammodramus nelsoni 434779.02 4842928.63 
N77 Ammodramus nelsoni 390890.94 4822010.20 
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N78 Ammodramus nelsoni 396458.01 4824534.97 
N79 Ammodramus nelsoni 389711.00 4810671.91 
N80 Ammodramus nelsoni 488630.01 4880434.92 
N81 Ammodramus nelsoni 452188.31 4879265.53 
N82 Ammodramus nelsoni 435096.97 4843200.44 
N83 Ammodramus nelsoni 420611.08 4857575.36 
N84 Ammodramus nelsoni 407712.74 4853272.55 
N85 Ammodramus nelsoni 399066.18 4826512.34 
N86 Ammodramus nelsoni 390146.15 4824516.21 
N87 Ammodramus nelsoni 387530.09 4816392.65 
N88 Ammodramus nelsoni 383922.10 4804122.74 
N89 Ammodramus nelsoni 375252.45 4800167.29 
N90 Ammodramus nelsoni 372476.31 4794441.48 
N91 Ammodramus nelsoni 345071.40 4770678.80 
N92 Ammodramus nelsoni 343280.18 4767164.09 
N93 Ammodramus nelsoni 342310.92 4764715.80 
N94 Ammodramus nelsoni 357209.68 4762970.39 
A1 Admixed 452189 4879331 
A2 Admixed 435291 4843309 
A3 Admixed 420533 4857628 
 
A4 Admixed 375310 4800147 
A5 Admixed 344993 4770721 
A6 Admixed 488513 4880519 
A7 Admixed 435999 4851800 
A8 Admixed 390237 4824587 
A9 Admixed 406912 4851704 
A10 Admixed 399182 4826964 
A11 Admixed 387514 4816629 
A12 Admixed 383883 4804260 
A13 Admixed 372460 4794490 
A14 Admixed 360131 4780470 
A15 Admixed 364580 4771880 
A16 Admixed 342431 4764701 
A17 Admixed 343266 4767227 
A18 Admixed 348682 4754797 
A19 Admixed 357024 4762875 
A20 Admixed 352442 4754372 
A21 Admixed 351244 4745248 
A22 Admixed 350299 4738231 











The role of hybridization as an evolutionary process relies largely on the fitness of hybrids 
compared to parental species. Fitness reductions in hybrids can lead to the evolution of isolating 
mechanisms between two species, whereas a lack of fitness consequences can lead to increased 
introgression. Alternatively, increased hybrid fitness can lead to hybrid swarms or, in some cases, 
hybrid speciation. Understanding patterns of differential fitness across a hybrid zone can thus 
offer valuable insight into factors driving reproductive isolation. We evaluated the reproductive 
success of pure and hybrid females in a hybrid zone between the Saltmarsh Sparrow 
(Ammodramus caudacutus) and Nelson’s Sparrow (A. nelsoni). To do this, we sampled adults (n 
= 394) and nestlings (n = 431) from four sites. We monitored 228 nests and collected data on 
nest placement and a number of reproductive parameters. We used nest-monitoring data to 
estimate daily survival rates and used banding and recapture data to assess the distribution of 
admixed individuals across age and gender classes. We used genotyping analysis at 12 
microsatellite loci to categorize individuals into genotypic classes of pure, F1-F2, or backcrossed 
and compared reproductive parameters among these groups. We documented significantly lower !
1 Jennifer Walsh, Brian J. Olsen, Katherine J. Ruskin, W. Gregory Shriver, Kathleen M. O’Brien, 
and Adrienne I. Kovach: Manuscript prepared for submission to Journal of Evolutionary Biology 
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hatching success and fledging success in Nelson’s Sparrows compared to the other genotypic 
classes, likely due to differential adaptation to tidal marshes. However, backcrossed Nelson’s 
Sparrows had comparatively higher rates of success and were intermediate between pure 
Nelson’s and the other genotypic categories, possibly indicative of benefits of hybridization to 
Nelson’s Sparrows. F1/F2 hybrids exhibited similar reproductive success to backcrossed and 
pure Saltmarsh Sparrows. While the proportion of F1/F2 individuals was similar between hatch 
year and adult males, we found that the proportion of F1/F2 individuals was almost 3 times 
higher in hatch year females compared to adult females, indicating reduced survival of F1 
females in accordance with predictions of Haldane’s rule. We conclude that combinations of 
intrinsic and extrinsic mechanisms are shaping fitness patterns across the hybrid zone. These 
patterns may have important implications for hybrid zone dynamics, particularly in driving 
asymmetries in mating within the hybrid zone.  





 Hybridization – or the crossing of two genetically distinct species – has been documented 
across a range of taxonomic groups (Mallet, 2005) and is a process that has the potential to shape 
evolutionary trajectories for a species. The maintenance of a hybrid zone and the role of 
hybridization as a mechanism for speciation, however, depend on the fitness of hybrids relative 
to parental forms (Burke & Arnold, 2001; Lancaster et al., 2007). Fitness consequences can 
range from severe selection pressures against hybrids and proportionally narrow hybrid zones to 
! 135!
hybrid vigor and hybrid swarms – a population of individuals that are all hybrids due to 
extensive mating among hybrids and backcrossing. Empirical studies have documented a range 
of fitness outcomes in both plant and animal hybrid zones, including reductions in seed viability 
(Cruzan et al., 1994), fecundity (Veen et al., 2001; Hurt & Hedrick, 2003; Bronson et al., 2005; 
Lancaster et al., 2007; Brix & Grosell, 2013), survival (Neubauer et al., 2014), hybrid vigor 
(Fitzpatrick & Shaffer, 2007), and no observable fitness effects (Flockhart & Wiebe, 2009). 
Identifying fitness consequences of hybridization provides insight into factors underlying 
reproductive isolation, as fitness reductions in hybrids are expected to select for mechanisms that 
reduce heterospecific-mating events (Veen et al., 2001).  
 Both extrinsic and intrinsic forces can drive differential fitness in hybrids relative to 
parental taxa. Extrinsic selection pressures arise from variation in physical or social environment 
(Rohwer et al., 2001). For example, fitness reductions can occur if hybrids display 
intermediacies in morphology (Svedin et al., 2008), mating signal (Bridle et al., 2006), or 
behavior (Pearson, 2000) that make them less desirable to potential mates. Habitat variation can 
also influence differential fitness if the parental forms are differentially adapted to varying 
habitat features. Hybrid zones often occur along ecological gradients, as transitional habitats may 
facilitate contact between species inhabiting different ecological niches (Culumber et al., 2012). 
As a result, we might expect hybrids to be less fit than parentals in either habitat if they are 
ecologically less competitive than pure individuals (Rohwer et al., 2001). Conversely, hybrids 
may be selectively favored within transitional habitats as they are better suited to these 
intermediate niche spaces compared to pure individuals – a process referred to as “bounded 
hybrid superiority” (Moore, 1977; Moore and Price, 1993).  
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 Alternatively, intrinsic selection pressures arise from incompatibilities that result from 
the recombination of co-adapted genomes and are independent of the environment (Moore and 
Price, 1993; Rohwer et al., 2001). These incompatibilities have been linked to hybrid inviability 
and sterility (Presgraves et al., 2003; Svedin et al., 2008), particularly as reductions in fertility or 
viability in hybrids of the heterogametic sex (Haldane’s Rule; Haldane, 1922). The influence of 
intrinsic and extrinsic forces are not necessarily mutually exclusive, however, as it is usually a 
combination of factors that influence differential fitness in hybrids (Price, 2008; Svedin et al., 
2008; Neubauer et al., 2014).  
 In this study, we investigated extrinsic and intrinsic influences on fitness in a naturally 
occurring hybrid zone between Saltmarsh (Ammodramus caudacutus) and Nelson’s sparrows (A. 
nelsoni). The Saltmarsh Sparrow is a habitat specialist, exhibiting a pre-Pleistocene association 
with tidal salt marshes (Greenlaw & Rising, 1994; Chan et al., 2006). In contrast, the Nelson’s 
Sparrow exhibits a broader ecological niche, breeding in grassland and brackish marshes in 
addition to tidal marshes (Greenlaw, 1993; Nocera et al., 2007; Shriver et al., 2011). The two 
species overlap and hybridize along a 210 km stretch of the New England coast between the 
Weskeag River estuary in South Thomaston, Maine and Plum Island in Newburyport, 
Massachusetts (Hodgman et al., 2002; Shiver et al., 2005; Walsh et al., 2011). In addition to this 
variation in habitat affinity, there are marked differences in behavior, reproductive strategy 
(Greenlaw, 1993), and morphology (Shriver et al., 2005; Walsh et al., 2015). These differences 
suggest a potential role for both intrinsic and extrinsic selection in shaping fitness patterns across 
the zone. 
 Differences in habitat affinity of Saltmarsh and Nelson’s sparrows suggest that extrinsic 
factors shape the distribution (Walsh et al. in review) and fitness of hybrid individuals. Both 
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species are ground-nesting passerines and are thus highly vulnerable to tidal flooding. In salt 
marshes, flooding affects nests during the highest spring tides; during this time the entire marsh 
is flooded and nests can be inundated with water for a couple of hours (Gjerdrum et al., 2008). 
As a result, monthly tidal flooding is the leading cause of nest failure in this system (Greenlaw & 
Rising, 1994; Shriver et al., 2007; Bayard & Elphick, 2011). Saltmarsh Sparrows have greater 
nesting synchrony with tidal cycles and this synchrony is associated with increased nesting 
success (Shriver et al., 2007). Differential adaptation to tidal marsh systems, particularly in terms 
of breeding ecology, may thus play an important role in structuring hybrid zone dynamics 
between these species. Genetic analyses of introgression patterns across the hybrid zone have 
also identified reduced introgression of mitochondrial and sex-linked markers (Walsh et al., in 
review), indicative of reduced fitness in hybrid females and intrinsic selection against hybrids. 
To evaluate the role of extrinsic and intrinsic selective forces as isolating mechanisms in this 
system, a comparison of the fitness of pure and hybrid individuals is needed.  
 Here, we evaluated the reproductive success and survival of admixed (recent generation 
hybrids and backcrossed individuals) relative to pure Nelson’s and Saltmarsh sparrow females. 
We hypothesize that both extrinsic and intrinsic factors influence fitness patterns within the hybrid 
zone. Specifically, we predicted that differential adaptation to tidal flooding results in lower 
reproductive success in Nelson’s Sparrows, intermediate success in hybrids, and higher success in 
Saltmarsh Sparrows. We also tested two predictions of Haldane’s rule, which describes reduced 
fitness in hybrids of the heterogametic sex (females in birds). First, we predicted that F1 hybrids 
will show reduced fecundity compared to backcrossed individuals. Second, we predicted that 
female hybrids would have a lower survival probability compared with males. To test these 
hypotheses, we used nesting success data obtained from a multi-year, demographic study of 431 
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nestlings from 228 nests associated with 147 breeding females and compare reproductive success 





Field methods and sample collection 
 
 We collected demographic data over three breeding seasons (2011 – 2013) in three 
marshes located at the southern portion of the Saltmarsh-Nelson’s overlap zone: 1) Eldridge 
marsh in Wells, Maine (43°17.31’N, 70°34.27’W), Chapman’s Landing in Stratham, New 
Hampshire (43°02.24’N, 70°55.32’W), and Lubberland Creek in Newmarket, New Hampshire 
(43°04.29’N, 70°54.48’W). Additional nest monitoring data from Nelson’s females were 
obtained from a fourth site at Scarborough Marsh in Maine (43°33.90’N, 70°21.64’W); however, 
we did not include male/nestling genotypes from this fourth site. We classified these sites into 
two categories based on differences in their proximity to the coast and site-specific attributes 
classified by a tidal marsh patch layer: Lubberland Creek and Chapman’s Landing, located in the 
Great Bay estuary, were considered upriver marshes whereas Scarborough and Eldridge were 
considered coastal marshes. The upriver marshes exhibit dampened average monthly high tide 
levels (8.8 feet) compared to the coastal marshes (11.4 feet). Due to the small size of Chapman’s 
Landing and Lubberland Creek (11 and 10.5 ha, respectively), nest monitoring and adult capture 
and measurements were conducted throughout the entire marsh patches. For Eldridge marsh (414 
ha), nest monitoring and adult capture were conducted within a 15 ha plot, which comprised only 
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a portion of the marsh. For Scarborough marsh (960 ha), nest monitoring was conducted within 
three plots (averaging 10 ha in size).  
 For the three marshes where males were sampled, each site was divided into four to five 
subplots and we systematically trapped adults using mist nets; a minimum of 3 netting sessions 
were conducted per subplot each season. Once captured, adults were banded and standard 
morphological measurements were collected. Over the 3 seasons, we captured 394 adult 
sparrows. Based on initial field identification, using a 13-trait plumage index developed by 
Shriver et al. (2005), we banded the following: Saltmarsh Sparrow males: n = 158, females: n = 
108; Nelson’s Sparrow males: n = 38, females: n = 25; and some morphologically intermediate 
individuals that were not classified in the field (males: n = 51, females: n = 14). Adults were 
sexed by presence or absence of a cloacal protuberance or brood patch. For all adults sampled in 
2012 and 2013, we drew 10 – 20 µl of blood from the brachial vein and transferred samples to 
Nobuto blood filter strips (Sterlitech, Kent, Washington). For adults sampled in 2011, we pulled 
the two outer tail feathers (R1/R6) and stored feathers for later genetic analyses.  
 Nests were found by systematic plot/site searches and once found, were marked and 
visited every 3-4 days to record overall fate (Ruskin et al., in review). Nest initiation was 
estimated by back-counting based on a 23-day nesting period for both species (1 day to lay each 
egg, 10 days of incubation beginning with the laying of the last egg, and 9 days to fledge 
beginning with the day of first hatching; Greenlaw and Rising 1994; Shriver et al. 2007). 
Females were captured at their associated nests to confirm identity. We banded all chicks at age 
6 – 7 days and collected morphological measurements, including weight, tarsus length, and bill 
length; pinfeathers were collected from each nestling for genetic analyses. We banded a total of 
431 nestlings at three of the demographic sites (Chapman’s Landing, Eldridge, and Lubberland 
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Creek). When chicks died during nest-flooding or predation events, we obtained tissue samples 
when possible. Nest failure or success was determined based on evidence at the nest site (Ruskin 
et al., in press). Briefly, a nest was considered successful if it was found empty when at least one 
nestling would have been 10 days old and if at least one chick fledged. Nests were classified as 
flooded if they contained drowned chicks or if eggs were found outside of the nests, and they 
were considered depredated if nests were torn, or contained broken or punctured eggs. Once a 
nest became inactive, we estimated the percent cover of the dominant vegetation types within a 
1-m2 area around the nest and we measured nest height (cm) as the distance from the lip of the 
nest cup to the ground. 
 
Genetic analyses and hybrid identification 
 
 For the adults, we extracted DNA from blood samples using a DNeasy blood Kit (Qiagen, 
Valencia, California, USA) according to manufacturer protocol. We extracted DNA from 
pinfeathers collected from all banded nestlings using a DNeasy Tissue Kit, with a minimum of 
24-hour incubations for the lysis stage. For adult tail feathers, we isolated the calamus and 
followed the same protocol as with the pinfeathers, except with the addition of 10 µl of DTT 
(dithiothreitol) pre-incubation stage. DNA was amplified using fluorescent dye-labeled primers 
for 12 microsatellite loci in two multiplexes: Ammo001, Ammo006, Ammo008, Ammo015, 
Ammo017, Ammo027, Ammo028 (Kovach et al. 2015), Escµ1 (Hanotte et al. 1994), Asµ18 
(Bulgin et al. 2003), Aca01, Aca08, and Aca12 (Hill et al. 2008). We conducted two replicates 
for adult feather samples to reduce genotyping error associated with lower quality samples. For 
nestlings, we included dye labeled primers P2 and P8 for the CHD gene (Griffiths et al. 1998) in 
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one of the multiplexes for sex determination. Because of a difference in the size of an intron on 
the CHD1-W and CHD1-Z genes, this method results in two fragments of different sizes in 
females and one fragment in males. Primers were validated with 16 samples of adult Saltmarsh 
Sparrows of known sex (8 males and 8 females). In all 16 tests, the genetic identification 
corresponded with field identification. Sex ratios for nestlings were calculated as the proportion 
of males in a clutch. Conditions for the Hanotte et al. (1994), Bulgin et al. (2003), and Hill et al. 
(2008) primers followed Walsh et al. (2012). Conditions for the Ammo primers followed Walsh 
et al. (2015). Conditions for P2/P8 followed Griffiths et al. (1998). Amplified products were 
electrophoresed on an automated DNA sequencer (ABI 3130 Genetic Analyzer: Applied 
Biosystems, Foster City, California, USA) and individual genotypes were scored manually using 
PEAKSCANNER software (Applied Biosystems).  
 To identify hybrids, we calculated a hybrid index for each individual using the R package 
introgress (Gompert & Buerkle 2009, 2010), defined as the proportion of alleles inherited from 
the Saltmarsh Sparrow (0 = pure Nelson’s Sparrow and 1 = pure Saltmarsh Sparrow). We then 
estimated interspecific heterozygosity, defined as the proportion of genotypes that are 
heterozygous for the parental alleles (0 = all homozygous genotypes and 1 = all heterozygous 
genotypes). Using the combination of hybrid index and interspecific heterozygosity, we assigned 
sparrows to genotypic classes following the methods of Milne and Abbott (2008). Briefly, 
individuals with intermediate hybrid index (0.25 – 0.75) and high heterozygosity (>0.3) were 
considered recent-generation hybrids (F1, F2), and individuals with low hybrid index <0.25 or 
>0.75) and low heterozygosity (<0.3) were considered backcrossed. We considered individuals 
to be pure Nelson’s Sparrows if they had a hybrid index of 0 – 0.05 and pure Saltmarsh Sparrows 
if they had a hybrid index of 0.95 – 1.0. 
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Daily rates of nest survival and reproductive success 
 
 We used six reproductive parameters as indicators of female fitness. These included 
clutch size, hatching success (proportion of eggs in a nest to hatch), fledging success (proportion 
of nestlings in a nest to fledge), average chick weight in a nest, the range of chick weights in a 
nest, and average daily nest survival rates. We included average chick weight and range in chick 
weights in our analyses because field observations suggested that larger nestlings are more able 
to climb out of the nest during flooding events (Gjerdrum et al. 2008). To calculate daily rates of 
nest failure and survival, we used the program MCestimate (Etterson et al. 2007). MCestimate 
employs a Markov chain algorithm to estimate daily nest failure probabilities via a generalization 
of the Mayfield method (Mayfield 1975). We used MCestimate to generate daily nest survival 
and failure rates using nest-monitoring data to estimate daily failure rates as a function of the 
genotype of an individual female. Due to differences in tidal regime between our study sites, we 
ran models for Chapman’s Landing and Lubberland Creek (upriver sites) separately from 
Scarborough marsh and Eldridge marsh (coastal sites); we did this because initial models 
indicated a significant difference in survival probabilities between upriver and coastal sites. We 
built models including hybrid index as a continuous variable, nest date in season, and nest height. 
We conducted model selection among eight candidate models, including single models for each 
variable, an additive model for each combination of the three variables, and a null model. We 
included nest height and nest initiation date as potential additive effects with genotype due to 
variation in nesting behavior between the two species. Increased nesting synchrony in Saltmarsh 
Sparrows suggests a likely influence of nest initiation date on survival probabilities that may be a 
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stronger predictor in pure individuals. While variation in nest height between Saltmarsh and 
Nelson’s sparrows is unknown, we predicted that higher nests were more likely to avoid the full 
impact of tidal flooding, also influencing daily survival rates (Humphreys et al. 2007). We used 
Akaike’s Information Criterion to compare candidate models in each set and determine which 
models most parsimoniously described the nest failure rates.  
  
Differential fitness in pure and hybrid females 
 
 To evaluate fitness differences among pure and hybrid female sparrows, we compared the 
reproductive parameters described above among individuals assigned to five genotypic classes 
(pure Nelson’s Sparrow, backcrossed in the direction of Nelson’s Sparrow, F1/F2, backcrossed 
in the direction of Saltmarsh Sparrow, and pure Saltmarsh Sparrow). To do this, we used 
ANOVA and a Tukey’s test to assess differences among the groups and performed significance 
testing using a Bonferroni correction; all analyses were conducted in R (R development Core 
Team). 
 Because Saltmarsh and Nelson’s sparrows have been shown to exhibit differential 
adaptation to tidal marshes (Shriver et al. 2007), we also tested for variation in three nesting 
behaviors that may be influential in avoiding or alleviating the impacts of flooding events: 1) 
height of the nest off of the ground, 2) the proportion of high marsh surrounding the nest and 3) 
nest initiation relative to most recent spring high tide. To assess whether nest placement or nest 
initiation post flood tides influenced nest success, we used a 2-tailed Student’s t-test to compare 
nest height, proportion of surrounding high marsh, and nest initiation date between failed and 
successful nests. We then used ANOVA to compare nest placement and nest initiation among the 
! 144!
five genotypic classes. To evaluate whether potential differences in nest placement were driven 
by marsh type (i.e. differential availability of high marsh/low marsh in tidal vs. costal marshes) 
or hybrid index (innate behavioral differences among females), we also ran mixed effect models 
to test the relative influence of marsh type (coastal or upriver) and hybrid index on nest 
placement. All mixed models were run using the NLME package in R (Pinheiro et al. 2015), with 
female as a random effect.   
 
Testing predictions of Haldane’s rule 
 
 We tested two a priori predictions about the gender of hybrid offspring and adults based 
on expectations of Haldane’s Rule. First, if female hybrids have reduced fitness we predict that 
offspring produced from mixed-taxa pairings should be male biased, either due to reduced 
viability of female embryos or due to direct manipulation of nestling sex ratios by female hybrids. 
To test this prediction, we evaluated differences in mean hybrid index for male and female 
nestlings using a 2-tailed Student’s t-test. Second, if female hybrids exhibit reduced survival we 
predict that the proportion of recent generation hybrids will be lower in adult females compared 
to hatch year females, while the proportion of hybrid hatch year and adult males will be similar. 
To test this prediction, we compared the proportion of recent generation hybrids (hybrid index of 
0.25 – 0.75) among four different groups: hatch-year females, hatch-year males, after-hatch-year 





 We sampled 228 nests associated with 147 females; 65 of the females (44%) were 
associated with more than one nest over the three breeding seasons. Across the demographic 
sites, we monitored 125 nests at Chapman’s Landing, 57 nests at Eldridge marsh, 24 nests at 
Lubberland Creek, and 22 nests at Scarborough marsh. We obtained multilocus genotypes for 
784 individuals, including 147 females, 247 males, and 390 nestlings. With the exception of 14 
Nelson’s females genotyped from Scarborough marsh, most of the genotypes described above 
came from the three main demographic sites (Chapman’s Landing, Lubberland Creek, and 
Eldridge). Of the 784 individuals, 19 birds (1.4%; 11 nestlings, five males, and three females) 
had missing data for half of the loci. Of the 390 nestlings, we were able to ascertain the sex of 
355 individuals (91%); the rest were from degraded samples and were dropped from the data set 
due to poor amplification success or ambiguous gender IDs. 
 Of the 784 individuals, 27 (3.4%) were classified as pure Nelson’s Sparrows and 212 
(27%) were classified as pure Saltmarsh Sparrows. The remaining 69.5 % of the individuals 
exhibited some degree of admixture; 63 (8%) were classified as backcrossed Nelson’s, 387 
(49.4%) were classified as backcrossed Saltmarsh, and 95 (12.1%) were classified as F1/F2 
hybrids. Across the three sites where we monitored both adult males and females (Chapman’s 
Landing, Lubberland Creek, and Eldridge marsh), on average Saltmarsh Sparrows outnumbered 
Nelson’s Sparrows 5.5 to 1. In addition, Nelson’s males outnumbered Nelson’s females, on 
average 3.5: 1 (12 males: 4 females at Chapman’s Landing, 21 males: 6 females at Eldridge, and 
4 males: 0 females at Lubberland Creek). In comparison, sex ratios for Saltmarsh Sparrows were 
also skewed toward males, but less so, averaging 1.7: 1 on each of the three demographic sites.   
 
Reproductive success among genotypic classes 
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 Consistent with previous work in this system, we found that Nelson’s Sparrows have 
lower reproductive success compared to Saltmarsh Sparrows. Pure Nelson’s Sparrows (n = 19) 
had significantly lower hatching success (hatching success = 0.39; F4, 216 = 3.43, P = 0.009) and 
fledging success (Fledging success = 0.21; F4,220 = 2.88, P = 0.023) compared to all other groups 
(Fig. 1; Table 1). Backcrossed Nelson’s Sparrows had comparatively higher rates of hatching 
and fledging success than pure Nelson’s Sparrows and were intermediate between pure Nelson’s 
and the other genotypic categories (pure Saltmarsh, backcrossed Saltmarsh, and F1/F2; Table 1). 
Clutch size, average chick weight and range of chick weights did not differ among the five 
genotypic classes. F1/F2 hybrids did not differ in reproductive success compared to pure 
Saltmarsh Sparrows. The percentage of fledged nests was approximately 1.5 times lower for 
Nelson’s (26%) and backcrossed Nelson’s (33%) compared to the other three groups (54 – 59%; 
Fig. 2), with higher flooding rates accounting for the majority of the failures (42 – 56%). Female 
genotype (hybrid index) did not predict daily nest survival rates better than the null model; this 
was true in both the coastal and inland sites (Table 2). In the inland sites (Chapman’s Landing 
and Lubberland Creek), the only model that performed better than the null was nest initiation, 
with daily survival rates decreasing with later nest initiation date. Hybrid index appears to be 
more influential on coastal sites compared to inland sites (Table 2). Daily survival rates were 
almost indistinguishable across the range of hybrid index values, although this is expected as 
discrete flooding events typically influence reproductive success or failure in this system.  
 We found that nest placement influenced nest success (Fig. 3). Fledging success was 
positively related to nest height (B = 3.49 ± .84, t = 4.13, P < 0.001) and negatively related to the 
proportion of high marsh surrounding the nest (B = -8.75 ± 3.7, t = -2.35, P = 0.02). Fledging 
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success was positively related to nest height (successful nests are higher off the ground than 
failed nests) and negatively related to the proportion of high marsh surrounding the nest 
(successful nests are more often located in a mix of low and high marsh). Nest heights did not 
differ between coastal and upriver marshes (B = 1.49 ± 0.91, t = 1.63, P = 0.11) but showed a 
positive relationship with hybrid index (Saltmarsh Sparrows build higher; B = 3.01 ± 1.28, t = 
2.33, P = 0.02). Comparison of nest heights by genotypic class also showed that pure and 
backcrossed Saltmarsh Sparrows had higher nests (F4, 213 = 2.23, P = 0.06; Fig. 3). Similarly, the 
proportion of high marsh surrounding a nest did not differ between coastal and upriver sites (B = 
1.83 ± 3.91, t = 0.47, P = 0.63) but showed a negative relationship with hybrid index (Saltmarsh 
Sparrows build in a mix of low and high marsh while Nelson’s Sparrows build primarily in high 
marsh; B = -10.28 ± 5.44, t = -1.88, P = 0.06). Similarly, comparison of vegetation composition 
among genotypic classes support that pure and backcrossed Saltmarsh Sparrows build in more 
mixed vegetation areas (F4, 172 = 2.32, P = 0.06; Fig. 3). We also found that nesting synchrony, or 
initiation relative to spring high tides, influenced the success of a nest (Fig. 3). Fledging success 
was significantly related to nest initiation date post high tide (B = -2.99 ± 0.53, t = -5.67, P < 
0.01); nests initiated soon after the spring flood tides have greater fledging success. While we 
detected no differences in nest initiation post spring flood tide among the genotypic classes, 
admixed individuals exhibited slightly delayed nest initiation dates (mean ± SD; 6.2 days post 
tide ± 3.9) compared to pure individuals (5.7 days post tide ± 3.8; we found that nest initiation 
post flood tides did not differ significantly among the five genotypic classes; F4, 139 = 1.21, P = 
0.31).   
 
Sex ratios and differential fitness in hybrid females 
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 Using molecular sexing, we identified 174 females and 181 males. Due to loss of eggs 
and nestlings during flooding events, we had sex ratio information from full clutches for 34% (78 
of the 228) nests. The proportion of males in these nest ranged from 0.25 – 0.75 for a majority 
(67%) of the nests; ten nests (13%) had 0 male nestlings and 16 nests (20%) had all male 
nestlings. We found no significant difference in hybrid index between male and female nestlings 
(2 tailed student’s t-test: t = 0.89, P = 0.37). The distribution of F1/F2 hybrids varied among 
gender and age classes, specifically between hatch-year and adult females. While the proportion 
of F1/F2 individuals was similar between hatch-year males (12%) and adult males (13%), the 
proportion of F1/F2 individuals was almost 3 times higher in hatch-year females (14%) 




 We combined three years of nest monitoring and banding data with molecular analyses to 
evaluate differences in reproductive success in hybrid and pure female Saltmarsh and Nelson’s 
sparrows. Using the banding data, we were also able to compare the distribution of genotypic 
classes across age and sex groups to evaluate survival of hybrid sparrows on three study sites. 
Our study offers insight into fitness within a hybrid zone between two species that exhibit 
differential adaptation to a unique tidal-marsh gradient (Shriver et al. 2007). Biotic and abiotic 
pressures characteristic of tidal marshes suggest a strong role for extrinsic selection in shaping 
fitness dynamics within the Saltmarsh-Nelson’s sparrow hybrid zone. We also found support for 
reduced survival in female hybrids in this system, possibly due to Haldane’s rule. These selective 
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mechanisms may be driving asymmetries across the hybrid zone, as introgression may be 
beneficial to one species but not the other.  
 Consistent with previous work in this system (Shriver et al., 2007), we documented 
significantly lower reproductive success in Nelson’s Sparrows compared to pure Saltmarsh 
Sparrows. While tidal flooding was the leading cause of nest failure for both species, flooding 
rates were higher for pure and backcrossed Nelson’s Sparrows (on average, 49%) compared to 
pure and backcrossed Saltmarsh Sparrows (average of 39%). These fitness differences are not 
surprising, as Nelson’s Sparrows are less suited to the coastal marsh habitat. Even our two 
upriver sites, although dryer and less tidally influenced than our two coastal sites, are not typical 
of the pure Nelson’s Sparrow niche, which includes upland and brackish marshes as well as 
hayfields (Nocera et al., 2007; Shriver et al., 2011). A comparison of only fledged and flooded 
Nelson’s Sparrow nests in our upriver and coastal sites revealed that 67% of our Nelson’s nests 
were successful in the upriver sites compared to 32% in the coastal sites. This suggests that 
fitness may vary across habitat types and supports previous findings of a mosaic distribution of 
pure and hybrid individuals across the hybrid zone (Walsh et al., in review). Parental species 
frequently occupy different niches and segregate by habitat type within hybrid zones (Howard 
1986; Rand & Harrison 1989). Contrary to our prediction, we found no reduction in reproductive 
success in recent generation (F1/F2) hybrid females. When comparing the total proportion of 
fledged and failed nests, F1/F2 females exhibited success rates comparable to pure and 
backcrossed Saltmarsh Sparrows but higher than pure and backcrossed Nelson’s Sparrows. As 
such, it appears that F1/F2 individuals do not face the same disadvantages as pure and 
backcrossed Nelson’s Sparrows, possibly exhibiting adaptations to the Saltmarsh Sparrow niche.   
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 Although we found no differences in overall success between F1/F2 individuals and 
Saltmarsh Sparrows (pure and backcrossed), we did observe some differences between pure and 
backcrossed Nelson’s Sparrows that may suggest benefits of hybridization within these coastal 
habitats. Backcrossed Nelson’s Sparrows had higher hatching and fledgling success than pure 
Nelson’s Sparrows; we also found slightly higher (although non-significantly) success rates in 
backcrossed Nelson’s Sparrows overall (33% of nests fledged) compared to pure Nelson’s 
Sparrows (26%). Evolutionary adaptation to new habitats can be rapid (Hendry et al., 2008), 
particularly when species invade new areas (Hoffman & Sgrò 2011). Although this would 
require more thorough investigation, a movement of Nelson’s alleles into coastal marshes may 
be partially facilitated through ongoing introgression and hybridization. Intensive field surveys 
(Hodgman et al. 2002; Correll et al. unpublished data) and comparison of temporally replicated 
genetic data (Walsh et al. in prep) indicate a southward expansion of Nelson’s Sparrow alleles 
and an increase in hybridization near the center of the hybrid zone. An alternative explanation for 
this, however, is an overall decline in Saltmarsh Sparrows across the range and a resulting shift 
in species densities. While these alternative explanations require more in depth evaluation, range 
expansion requires that peripheral populations become better adapted to marginal habitats 
(Kawecki 2008), thus the observed movement of Nelson’s Sparrows into more coastal marshes 
may be aided by moderate fitness increases in hybrid individuals.  
On the opposite end of the spectrum, while there is a potential benefit for Nelson’s 
Sparrows, any potential behavioral differences in F1/F2 individuals may cause detrimental 
effects of hybridization for Saltmarsh Sparrows. In comparison to pure Saltmarsh Sparrows, 
F1/F2 hybrids exhibited lower nest heights and higher proportion of high marsh surrounding the 
nest (traits more characteristic of Nelson’s Sparrows). This may suggest transfer of nesting 
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behaviors that are less optimal for coastal environments, despite the lack of apparent reduction in 
nesting success observed in recent generation hybrids. While this hypothesis would require 
further research, fitness reductions resulting from behavioral intermediacies have been 
documented in a number of natural hybrid zones. Specifically hybrid intermediacies have been 
documented in song and mating displays (Svedin et al., 2008), aggression and territorial 
behaviors (Pearson & Rohwer 2000), and migratory behavior (Delmore & Irwin, 2014). 
 Stark differences in abundance of Saltmarsh and Nelson’s sparrows (5.5:1, respectively) 
and, in particular, apparent differences in sex ratios within Nelson’s Sparrows suggest a 
mechanism for ongoing hybridization and asymmetrical introgression. Previous work in this 
system has offered multiple lines of support for introgression being asymmetrical toward 
Saltmarsh Sparrows (Shriver et al., 2005; Walsh et al. 2011; Walsh et al., in review). While 
these patterns could also be driven by differences in mating strategy (Shriver et al., 2005), 
hybridization between populations differing in abundance can result in unidirectional 
backcrossing of F1 hybrids to the more abundant parent (Anderson 1948; Haygood et al., 2003; 
Burgess et al., 2005), resulting in these asymmetrical patterns. For example, on Lubberland 
Creek, which appears to be comparatively more suitable habitat for Nelson’s Sparrows (dry and 
upriver), we observed no Nelson’s females despite intensive banding and nest searching efforts; 
we did find Nelson’s males, however. Unsurprisingly, 65% of the nestlings banded on 
Lubberland Creek were F1/F2 hybrids. Arguably, sites that display these extreme differences in 
the proportions of Nelson’s males and females are important in facilitating ongoing hybridization 
and geneflow between the two species. While the mechanism behind the observed differences in 
sex ratios in Nelson’s Sparrows is currently unknown, it is possible that decreased fecundity of 
Nelson’s females is partially responsible. Decreased reproductive success may be driving 
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females out of these marginal habitats (Switzer 1993; Switzer 1997; Doligez et al., 1999) or 
increased reproductive effort that may result from continuous loss of nests from tidal flooding 
may reduce overall survival of females (Nur 1984; Daan et al., 1996; Nordling et al., 1998).  
 Although we did not observe reductions in hatching and fledging success in F1/F2 
females, we had very few recent generation hybrid adult females on our study sites (6% or 8 out 
of 133 adult females sampled were classified as F1/F2). Although we do not have direct survival 
estimates for hybrid individuals, comparison of F1/F2 individuals across age and gender classes 
revealed a reduction in F1/F2 females from 14% (nestlings) to 6% (adults); the same comparison 
in males showed no reduction in hybrids between age classes. This possibility for reduced 
survival in F1/F2 females aligns with predictions of Haldane’s rule (Haldane 1922). Even in the 
absence of immediate fitness consequences, the strength of post-zygotic isolation is often more 
evident over the long term (Wiley et al., 2009; Neubauer et al., 2014). Fitness reductions in the 
heterogametic sex, as predicted by Haldane’s rule, appear to play an important role in speciation 
in a variety of organisms (Coyne & Orr, 2004). Reduced survival in F1 females translates into 
reduced reproductive output of hybrid females compared to parental species and can lead to less 
gene flow between hybridizing species over time (Neubauer et al., 2014). Our findings of fitness 
consequences via reduced survival of hybrid females are consistent with previous work 
documenting reduced introgression of sex-linked and mitochondrial genes across the Saltmarsh-
Nelson’s sparrow hybrid zone (Walsh et al. in review). Extensive genetic data collected from 
across the hybrid zone further indicate that there is an overall deficit of F1/F2 individuals, with 
most individuals sampled categorized as pure or backcrossed (Walsh et al. 2015). Although F1 
offspring are produced, as demonstrated above, the deficit of hybrid adults support an important 




 We found patterns of differential fitness in a hybrid zone between Nelson’s and 
Saltmarsh sparrows and conclude that both extrinsic and intrinsic mechanisms are acting in 
conjunction to shape the observed patterns. We hypothesize that the consequences of 
hybridization in this system may differ for the pure taxa, with potential benefits of introgression 
for Nelson’s Sparrows and potential detriment to Saltmarsh Sparrows. Differential adaptation to 
salt marsh environments is reflected in the lower reproductive success of Nelson’s Sparrows 
compared to Saltmarsh Sparrows. Further, differing success rates between coastal and upriver 
sites offer additional support for the role of marsh type in shaping the distribution of pure and 
hybrid individuals. While differences in abundance coupled with patchy distribution patterns 
may increase hybridization events in some marsh patches, reduction in the survival of F1/F2 
females may aid in maintaining pure species boundaries despite ongoing introgression. The 
observed fitness patterns coupled with differences in mating strategy, song, morphology, and 
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Figure 4.1. Mean ± SE in clutch size (A), hatching success (B), fledging success (C), average 
chick weight (D), and range in chick weights (E) compared among nesting Saltmarsh and 
Nelson’s sparrow females assigned to one of five genotypic classes. Labels for genotypic classes 
are as follows: Pure-N (pure Nelson’s Sparrow), BC-N (backcrossed Nelson’s), F1-F2 
(first/second generation hybrids, BC-2 (backcrossed Saltmarsh), and Pure-S (pure Saltmarsh 
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Figure 4.2. Summary of nest fates for pure and hybrid Saltmarsh and Nelson’s sparrow females 
by genotypic class. Nest fates are presented as the total percentage of nests that flooded (black), 

























Figure 4.3. Bar plots showing the influence of nest placement and nest initiation on overall nest 
fate and the variation in these characteristics among pure and hybrid females. On the left side, 
panels depict the variation in nest height (A), proportion of high marsh surrounding a nest (B), 
and nest initiation post flood tide (C) between fledged and failed nests. On the right side, panels 
depict the variation in the same three characteristics among females assigned to one of five 
genotypic classes: pure Nelson’s (Pure-N), backcrossed Nelson’s (BC-N), first/second 
generation hybrids (F1-F2), backcrossed Saltmarsh (BC-S), and pure Saltmarsh (Pure-S). Plots 
represent the mean ± SE. An * indicates significant differences among the comparisons and ** 
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Figure 4.4. Distribution of pure and hybrid genotypes depicted as interspecific heterozygosity 
plotted against hybrid index for 735 sparrows sampled from three demographic sites: Chapman’s 
Landing, Lubberland Creek, and Eldridge marsh. The four panels show patterns for age and 
gender classes: hatch year males (n = 181; top left), adult males (n = 247; top right), hatch year 
females (n = 174; bottom left), and adult females (n = 133; bottom right). Individual sparrows 
are assigned to genotypic classes of pure Nelson’s (dark blue), backcrossed Nelson’s (light blue), 
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!Table 1: Mean (± SE) for reproductive parameters and nest characteristics compared across 5 genotypic classes of pure and hybrid 
sparrows (pure Nelson’s Sparrows, backcrossed Nelson’s Sparrows, F1/F2 hybrids, backcrossed Saltmarsh Sparrows, and pure 
Saltmarsh Sparrows). Values with different letters are significantly different based on a Tukey’s post-hoc test.  




Saltmarsh Pure Saltmarsh 
Clutch Size 3.73 ± 0.17 (A) 3.72 ± 0.17 (A) 3.37 ± 0.18 (A) 3.61 ± 0.07 (A) 3.65 ± 0.09 (A) 
Hatching Success 0.39 ± 0.08 (B) 0.67 ± 0.08 (AB) 0.78 ± 0.09 (A) 0.71 ± 0.03 (A) 0.67 ± 0.04 (A) 
Fledging Success 0.21 ± 0.10 (B) 0.31 ± 0.10 (AB) 0.61 ± 0.11 (A) 0.51 ± 0.04 (AB) 0.53 ± 0.05 (A) 
Average Chick Weight 12.72 ± 0.73 (A) 11.88 ± 0.66 (A) 12.33 ± 0.35 (A) 12.73 ± 0.21 (A) 12.97 ± 0.24 (A) 
Range in Chick Weights 1.62 ± 0.71 (A) 1.70 ± 0.58 (A) 1.73 ± 0.41 (A) 2.39 ± 0.17 (A) 2.19 ± 0.23 (A) 
Nest Height 14.89 ± 1.2 (A) 15.14 ± 1.26 (A) 14.2 ± 1.30 (A) 17.41 ± 0.5 (A) 17.04 ± 0.68 (A) 
Proportion of High Marsh 











!Table 2: Model selection results from MCestimate based on nest monitoring data from female Nelson’s and Saltmarsh sparrows. AICc, 
delta AICc, model weight, and the number of parameters are included for all models. 
Coastal Sites (Scarborough & Eldridge)           
Model name NLL AICc deltaAICc weight K 
Null 109.55 221.1 0 0.37 1 
Nest Height 109.39 222.81 1.7 0.16 2 
Hybrid Index 109.53 223.08 1.97 0.14 2 
Nest Initiation by Julian Date 109.55 223.12 2.01 0.14 2 
Nest Height + Nest Initiation by Julian Date 109.34 224.73 3.62 0.06 3 
Nest Height + Hybrid Index 109.39 224.82 3.72 0.06 3 
Nest Initiation by Julian Date + Hybrid Index 109.53 225.1 3.99 0.05 3 
Nest Height + Nest Initiation by Julian Date + Hybrid Index 109.34 226.75 5.64 0.02 4 
Inland Sites (Lubberland Creek & Chapman's Landing)           
Model name NLL AICc deltaAICc weight K 
Nest Initiation by Julian Date 177.68 359.36 0 0.27 2 
Null 178.85 359.7 0.33 0.23 1 
Nest Height 178.51 361.03 1.67 0.12 2 
Nest Height + Nest Initiation by Julian Date 177.63 361.28 1.92 0.1 3 
Nest Initiation by Julian Date + Hybrid Index 177.67 361.35 1.98 0.1 3 
Hybrid Index 178.75 361.5 2.14 0.09 2 
Nest Height + Hybrid Index 178.4 362.81 3.45 0.05 3 





TEMPORAL VARIATION SHAPES DYNAMICS IN A HYBRID ZONE BETWEEN 




Understanding the dynamics of a hybrid zone in space and time can yield insight into forces 
important in speciation and aid in predicting future trajectories for hybridizing species. Single 
snapshot observations of hybrids zones can be ineffective in identifying spatio-temporal 
dynamics; as a result, temporally replicated sampling is an informative approach for assessing 
hybrid zone stability. We evaluated temporal patterns shaping a hybrid zone between the 
Saltmarsh (Ammodramus caudacutus) and Nelson’s (A. nelsoni) sparrow by comparing genetic 
and morphological data from two replicate surveys over a 15-year interval. The first replicate 
consisted of 85 individuals sampled from five sites in 1998, including two pure and three 
sympatric populations. In 2013, the same five sites were re-sampled (n = 85) to assess changes in 
the occurrence and frequency of hybridization events. Individuals were genotyped at 22 
microsatellite loci and one mitochondrial gene. We compared the distribution of genotypic 
classes and estimated the width and center of the hybrid zone using geographic cline analyses. 
We found an increase in Nelson’s Sparrows at all three sympatric marshes along with evidence 
!
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for a southward expansion of Nelson’s alleles. Cline estimates for hybrid zone width almost 
doubled in the past 15 years and showed a southward shift of the center of the hybrid zone. 
Despite increased introgression of neutral loci, estimates for cline width were narrower in the 
contemporary replicate compared to the 1998 replicate for a few markers under selection. This 
suggests that selection is acting within the zone to maintain pure species boundaries in the face 
of increased introgression. We discuss our findings in light of conservation and management 





 Hybridization, or the interbreeding of individuals from genetically distinct populations 
(Allendorf et al. 2001), presents unique challenges for conservation biologists. Hybridization and 
introgression can lead to harmful effects genetic and demographic effects, including hybrid 
swarms, outbreeding depression, and reduced fitness, and can be especially problematic when 
one species is less abundant than the other (Rhymer & Simberloff 1996; Allendorf et al. 2001). 
Hybridization with an invading conspecific has been responsible, at least in part, for the 
extinction of several threatened species (Rhymer & Simberloff 1996; Allendorf et al. 2001; 
Buggs 2007). Alternatively, increased genetic novelty generated from hybridization and 
introgression can result in local adaptations (Edmands 2007; Rheindt & Edwards 2011) and 
increased hybrid fitness compared to parental taxa (Burke & Arnold 2001). Due to these 
complexities, decisions about conservation management of hybridizing species are often context 
dependent (Allendorf et al. 2001; Stronen & Paquet 2013; Jackiw et al. 2015).  
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 Hybridization is a dynamic and continuously changing process (Abbott et al. 2013), and 
hybrid zones can be unstable in time and space. As hybridizing species interact and isolating 
mechanisms evolve, the spatial extent of the hybrid zone may shift or expand due to changes in 
habitat extent or population density gradients (Smith et al. 2012), competition (Dasmahapatra et 
al. 2002), or asymmetrical introgression (Bronson et al. 2003, Rheindt & Edwards 2011). Hybrid 
zone dynamics may be exacerbated by anthropogenic factors, like habitat modification, invasive 
species introductions, and climate change (Allendorf et al. 2001; Randi 2008; Taylor et al. 2014). 
As the spatial configurations of parental taxa shift over time, changing patterns of gene flow and 
selection shape evolutionary trajectories of the hybridizing species. Accordingly, patterns 
observed in natural hybrid zones reflect both current and historic interactions limiting single time 
series descriptions of hybrid zone dynamics in fully understanding the forces shaping hybrid 
zone dynamics (Carson et al. 2012; Taylor et al. 2014). Therefore, it is necessary to consider 
both spatial and temporal patterns shaping a system to fully evaluate the impacts of hybridization 
on the species involved in the process. 
 Much of our current understanding of temporal dynamics in natural hybrid zones relies 
on predictions derived from theoretical models, as empirical investigation of these processes 
requires repeated sampling of hybridizing populations over time (Carling & Zuckerberg 2011). 
While indirect approaches can aid in identifying possible mechanisms involved in hybrid zone 
shifts or expansions, temporally replicated sampling provides the only means for directly 
documenting genetic change (Therkildsen et al. 2013, Taylor et al. 2014) and is the most reliable 
method for identifying evolutionary dynamics in a temporally unstable hybrid zone (Buggs 
2007). Due to the logistical challenges of temporally replicated sampling, few studies to date 
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have applied this approach (but see Britch et al. 2001; Dasmahapatra et al. 2002; Carling & 
Zuckerberg 2011; Smith et al. 2012; Taylor et al. 2014). 
 Here, we assess shifts in the spatial and temporal distribution and phenotypic and genetic 
variation in a hybrid zone between the Saltmarsh (Ammodramus caudacutus) and Nelson’s (A. 
nelsoni) sparrow over a 15-year interval. In the USA and Maritime Canada, Saltmarsh and 
Nelson’s sparrows are restricted to a ribbon of tidal marsh habitat along the Atlantic seaboard, 
with Saltmarsh Sparrows inhabiting coastal salt marshes from southern Maine to Virginia and 
Nelson’s Sparrows inhabiting brackish and tidal marshes from the Canadian Maritimes to 
northern Massachusetts (Greenlaw & Rising 1994). These two species have come into secondary 
contact in the northeastern United States likely following the last glacial recession (Rising & 
Avise 1993) where they overlap and hybridize along the New England coast.  
 The current hybrid zone is wider than indicated by historical records, suggesting the 
possibility of a recent expansion. The area of intergradation between the two species was first 
documented as a 48 km region between Popham Beach (Phippsburg, Maine) and Scarborough, 
Maine (Montagna 1942). Later, extensive bird surveys by Hodgman et al. (2002) found 
Saltmarsh and Nelson’s sparrows co-occurring in marshes from South Thomaston, ME to 
Newburyport, MA, suggesting an expansion of the overlap zone from 48 km to 208 km. 
Subsequent genetic studies found evidence of introgression as far south as Connecticut and as far 
north as the border of Canada (approximately 200 km south and north of the currently 
hypothesized zone, respectively; Walsh et al. 2011; Walsh et al. in review). Despite this evidence 
for potential hybrid zone expansion, genetically pure Nelson’s and Saltmarsh sparrows continue 
to co-inhabit sympatric marshes and the majority of admixed individuals are backcrossed with 
very few first generation hybrids observed (Walsh et al. 2015). Differential patterns of 
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introgression, abrupt selection for traits related to tidal marsh adaptations, and evidence for 
selection against hybrid females (Walsh et al. in review; Walsh et al. in prep) all point toward a 
potentially important role for reproductive isolation in maintaining pure species boundaries in the 
face of ongoing and potentially increasing gene flow. A comparative study of contemporary 
patterns of introgression with those of the period before the Hodgman et al. (2002) bird surveys 
can offer valuable information regarding the movement of the hybrid zone and may aid in 
predicting future patterns.  
 Understanding temporal patterns of introgression in the Saltmarsh-Nelson’s sparrow 
hybrid zone will aid in predicting future outcomes for genetically “pure” populations of a 
threatened species. While both species are of high conservation priority due to their limited range 
and vulnerability to habitat loss (USDI 2008), the Saltmarsh Sparrow is the only passerine 
species exclusively restricted to salt marshes (Gjerdrum et al. 2005). As such, it is considered 
globally vulnerable to extinction (Birdlife International 2009) and imminently threatened by 
risks of sea level rise (Bayard & Elphick 2011). Given the high priority conservation status of the 
Saltmarsh Sparrow in the Northeast, a potentially expanding hybrid zone is of great concern to 
local and regional conservation initiatives. To this end, informed predictions about the future 




Temporal replicates and sample collection 
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 We sampled Saltmarsh and Nelson’s sparrows from five marshes along the New England 
coast in 1998 – 1999 (Shriver et al. 2005) and again in 2012 – 2013 (Table 1; Figure 1). During 
both time periods we sampled sparrows from two allopatric (Prudence Island, Rhode Island and 
Lubec, Maine) and three sympatric marshes (South Thomaston, Maine – Weskeag marsh, 
Scarborough, Maine, and Wells, Maine – Webhannet/Eldridge marsh) during the breeding 
season (June – August; Shriver et al. 2005). To increase sample sizes for the contemporary data 
set, for two sites (Prudence Island and Weskeag) we sampled additional individuals (n = 15) 
from neighboring marshes (Figure 1) and combined them for the two sites. This sampling effort 
resulted in a comparison of five marshes between the two temporal replicates (Table 1).  
 We captured sparrows in mist nets and collected standard morphometric information, 
including bill length (mm), depth (mm), and width (mm), wing chord (mm), tarsus length (mm), 
and weight (g). To quantify phenotypic introgression, we scored each individual for 13 plumage 
traits, including plumage color and amount and definition of streaking on the crown, face, breast, 
back, and flanks (Shriver et al. 2005; Walsh et al. 2015). Plumage scores for each individual trait 
ranged from 1 to 5, with lower numbers representative of Nelson’s Sparrows and higher numbers 
representative of Saltmarsh Sparrows. The final plumage score for each individual ranged from 
13 (pure Nelson’s Sparrow) to 65 (pure Saltmarsh Sparrow; Shriver et al. 2005; Walsh et al. 
2015). All individuals from the first temporal replicate were scored by WGS (see Shriver et al. 
2005); all of the contemporary individuals were scored by JW. Weight, plumage score, and bill 
size were previously found to display consistent variation among pure Saltmarsh and Nelson’s, 
providing a good indicator for species identification (Walsh et al. 2015). Thus, we compared 
weight, bill length, and plumage score between the two temporal replicates using 2-tailed 
Student’s t-tests to evaluate shifts in morphology between the two time periods. Blood samples 
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were drawn from the brachial vein and stored in a lysis buffer (temporal replicate 1) or collected 
on Nobuto blood filter strips (Sterlitech, Kent, Washington, USA; temporal replicate 2). DNA 
extraction methods for the 1998 – 1999 sampling periods are detailed in Shriver et al. (2005), 
and DNA was extracted from the 2012 – 2013 sampling period using a DNeasy blood Kit 




 We amplified DNA from both sampling intervals using 22 microsatellite loci: Ammo001, 
Ammo002, Ammo003, Ammo006, Ammo008, Ammo012, Ammo015, Ammo016, Ammo017, 
Ammo020, Ammo023, Ammo027, Ammo028, Ammo030, Ammo034, Ammo036 (Kovach et al. 
2015), Asµ15 (Bulgin et al. 2003), Aca01, Aca04, Aca05, Aca08, and Aca12 (Hill et al. 2008). 
Polymerase chain reaction and cycling conditions for the Bulgin et al. (2003) and Hill et al. 
(2008) primers followed Walsh et al. (2012), and conditions for the Ammo primers followed 
Walsh et al. (2015). Amplified products were electrophoresed on an automated DNA sequencer 
(ABI3130 Genetic Analyzer: Applied Biosystems, Foster City, California, USA) and individual 
genotypes were scored manually using PEAKSCANNER software (Applied Biosystems).  
 We also amplified 1100 bp of the mitochondrial gene NADH dehydrogenase subunit 2 
(ND2), following the conditions of Walsh et al. (in review). We used a Restriction Fragment 
Length Polymorphism (RFLP) analysis to identify specie-specific haplotypes in the PCR-
amplified fragments. We digested amplified products in 25 µl reactions [10 µl template DNA, 
0.2 µl of enzyme TseI, and 2.5 µl of NEBuffer; New England BioLabs, Ipswich, MA, USA] and 
incubated according to manufacturer protocols. We resolved the resulting fragments on a 2% 
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agarose gel and assigned haplotypes based on banding patterns. The RFLP analysis yielded two 
fragments (~206 and 830 base pairs) in Nelson’s Sparrows and three fragments (~160, 206, and 
670 base pairs) in Saltmarsh Sparrows. 
  
Population genetic and admixture analyses 
 
 We calculated unbiased estimates of expected and observed heterozygosities in GENEPOP 
V4 (Raymond & Rousset 1995) and used FIS values estimated in GENEPOP to test for deviations 
from Hardy-Weinberg equilibrium. We estimated allelic richness using the rarefaction method, 
which corrects for sample-size difference, implemented in the program HP-RARE (Kalinowski 
2005). To compare patterns of genetic differentiation among the five sites across the temporal 
replicates, we calculated pairwise FST values across all population (site) pairs and performed 
significance testing using 1,000 permutations in FSTAT. To compare rates of introgression 
between the two temporal replicates, we calculated a hybrid index and interspecific 
heterozygosity for each individual using the R package introgress (Gompert & Buerkle 2009, 
2010). Using these two values, we followed the methods of Milne & Abbot (2008) to classify 
individuals into one of five genotypic classes (pure Nelson’s, backcrossed in the direction of 
Nelson’s, F1/F2 hybrid, backcrossed in the direction of Saltmarsh, or pure Saltmarsh). As in 
Walsh et al. (2015), we considered individuals with an intermediate hybrid index (0.25 – 0.75) 
and high heterozygosity (> 0.30) to be recent generation hybrids (F1/F2) and individuals with a 
low hybrid index (< 0.25 or > 0.75) and low heterozygosity (< 0.3) as backcrossed. We 
considered individuals to be pure Nelson’s Sparrows if they had a hybrid index of 0 – 0.05 and 
pure Saltmarsh Sparrows if they had a hybrid index of 0.95 – 1.   
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 We also compared genetic structure of the Saltmarsh-Nelson’s sparrow hybrid zone for 
each replicate as determined using the Bayesian clustering approach of STRUCTURE, version 2.3.4 
(Pritchard et al. 2000). We conducted five runs for each value of K = 1-5; each run consisted of a 
300,000 burn-in followed by 200,000 iterations. We used the admixture model and assumed 
correlated allele frequencies (Falush et al. 2003). We determined the most likely number of 
population clusters (K) using the ΔK method of Evanno et al. (2005); STRUCTURE output was 
visualized using the program STRUCTURE HARVESTER (Earl & vonHoldt 2012).  
   
Assessing hybrid zone movement 
 
 To evaluate changes in hybrid zone width and center across the two temporal replicates, 
we used the Metropolis-Hastings Markov chain Monte Carlo algorithm in the R package HZAR 
(Derryberry et al. 2013) to fit a series of geographic cline models to allele frequencies for the 
genetic markers. We reduced the variation observed in the 22-microsatellite loci to a two-allele 
system using species-specific compound alleles (Daguin et al. 2001; Bierne et al. 2003; Gay et al. 
2008). Using this approach, each allele was assigned to a species group based on its coordinates 
on the first axis of a multiple correspondence analysis (MCA), conducted using the CA package 
(Nenadic & Greenacre 2007) in R. We ran six models for four sets of genetic markers, all of 
which estimated cline center (distance from sampling location 1 or Lubec, Maine, c) and width 
(1/maximum slope, w). The tested models included two combinations for fitting tails (none fitted 
or both tails estimated separately) and combinations for estimating allele frequencies at the cline 
ends (pMin, pMax; fixed to 0 and 1, observed values, or estimated values). For the genetic 
markers, we ran six models for each of the following genetic marker combinations: allele 
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frequencies averaged over all 22 microsatellite markers, Ammo006, Ammo036, and ND2. We 
chose to estimate clines for Ammo006 and Ammo036 separately based on previous work that 
identified strong patterns of selection for these markers across the hybrid zone (Walsh et al. in 
review). We compared all models using Akaike information criterion corrected for small sample 
sizes (AICc) and considered non-nested models with the lowest AICc score as the best-fitting 




 We successfully genotyped 170 sparrows at the 22 microsatellite loci and one 
mitochondrial gene and compared the data between two temporal replicates. Based on genetic 
data, we were able to assign all of the individuals to one of five genotypic classes; pure Nelson’s, 
backcrossed in the direction of Nelson’s Sparrow, F1/F2 hybrid, backcrossed in the direction of 
Saltmarsh Sparrow, or pure Saltmarsh Sparrow (Figure 2). For the 1998 – 1999 sampling interval, 
we assigned 15 individuals (18%) as pure Nelson’s Sparrow, 18 (21%) as backcrossed Nelson’s 
Sparrow, 4 (5%) as F1/F2 hybrids, 31 (36%) as backcrossed Saltmarsh Sparrow, and 17 (20%) as 
pure Saltmarsh Sparrow. In the 2012 – 2013 sampling interval, we assigned 16 individuals (19%) 
as pure Nelson’s Sparrow, 20 (23%) as backcrossed Nelson’s Sparrow, 6 (7%) as F1/F2 hybrids, 
21 (25%) as backcrossed Saltmarsh Sparrow, and 22 (26%) as pure Saltmarsh Sparrow. In the 
1998 – 1999 sampling interval we detected recent generation hybrids (F1/F2) at Lubec (1), 
Weskeag (1), and Scarborough (2) while during the 2012 – 2013 sampling interval, we only 
detected F1/F2 hybrids at Scarborough marsh (6). In the three sympatric populations, we 
detected fewer Saltmarsh Sparrows overall. Scarborough exhibited a reduction of pure and 
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backcrossed Saltmarsh Sparrows over the 15-year interval (65% in 1998 versus 41% in 2013) 
and an increase in pure and backcrossed Nelson’s (25% versus 38%) and F1/F2 hybrids (10% 
versus 21%). Wells similarly had a decrease in pure and backcrossed Saltmarsh Sparrows (80% 
versus 64%) and an increase in pure and backcrossed Nelson’s Sparrows (20% in 1998 versus 
36% in 2013). The same pattern was seen in Weskeag, with a decrease in pure and backcrossed 
Saltmarsh Sparrows (42% versus 31%) and an increase in pure and backcrossed Nelson’s 




 We evaluated changes in plumage and structural measurements in 138 individuals 
sampled over the two time periods. We detected slight differences in the distribution of 
morphometric and plumage traits between the two temporal replicates, consistent with an 
increase in Nelson’s Sparrow traits across the hybrid zone (Figure 3). When comparing the two 
temporal replicates across all sites, we found trends toward lower plumage scores (mean ± SD; 
40.3 ± 19.01 in replicate one, 37.11 ± 12.35 in replicate two; P = 0.24), smaller weights (19.74 ± 
1.89 in replicate one, 18.55 ± 1.71 in replicate two; t = 3.7, P < 0.001), and shorter bills (9.18 ± 
0.67 in replicate one, 9.03 ± 0.50 in replicate two; P = 0.13). The most noticeable shifts occurred 
in the most southern sympatric population, Wells, and the allopatric Saltmarsh Sparrow 
population, Prudence Island. In Wells, comparison of the 1998 samples to the contemporary 
samples revealed significantly lower plumage scores (mean ± SD; 53 ± 7.6 in replicate one 
compared to 39 ± 11.3 in replicate two; t = 3.5, P < 0.001), significantly smaller weights (21 ± 
1.3 in replicate one, 19 ± 2.0 in replicate two; t = 3.1, P = 0.005), and significantly shorter bills 
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(9.5 ± 0.39 in replicate one, 9.2 ± 0.33 in replicate two; t = 2.6, P = 0.01). Similarly, in Prudence 
Island, 1998 samples also showed significantly lower plumage scores (mean ± SD; 60 ± 2.6 in 
replicate one, 51 ± 3.35 in replicate two; t = 7.3, P < 0.001), smaller weights (19.7 ± 1.6 in 
replicate one, 19.2 ± 1.3 in replicate two; P = 0.4), and shorter bills (9.64 ± 0.33 in replicate one, 
9.48 ± 0.28 in replicate two; P = 0.25) relative to the contemporary samples. Measurements and 
plumage variation were similar between the temporal replicates for the remaining three sites, 
with two noticeable exceptions: weights decreased over time in Weskeag (20 ± 1.68 in replicate 
one compared to 18.3 ± 1.56 in replicate two) and plumage scores increased in Lubec (16.6 ± 
3.46 in replicate one compared to 22 ± 2.58 in replicate two).   
 
Genetic structure and hybrid distribution 
 
 Genetic analyses revealed changes in the genetic structure of the hybrid zone between the 
two time periods. FIS increased slightly in all three of the sympatric populations, particularly in 
Scarborough (0.14 versus 0.21) and Wells (0.15 versus 0.23), as did allelic richness (Table 1), 
indicative of more admixture in these sites. Sampled marshes were significantly differentiated 
(FST), with values ranging from 0.003 – 0.354 in 1998 and 0 – 0.328 in the contemporary 
replicate (Table 2). The largest FST values were observed between Lubec and Prudence Island, 
with moderately larger FST values between Lubec and the three sympatric sites in 1998 (0.08 – 
Weskeag, 0.18 – Scarborough, 0.23 – Wells) than in the contemporary replicate (0.06 – Weskeag, 
0.12 – Scarborough, 0.14 – Wells). A comparison of FST values between the same site at two 
different time periods revealed non-significant differences within a site with the exception of 
Lubec, which was significantly different between 1998 and 2013 (FST = 0.043). The distribution 
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of ND2 haplotypes across our sampling locations differed between the two time periods (Figure 
1). The percentage of individuals with the Nelson’s Sparrow haplotype compared between 
replicate one and two were as follows: Lubec (85% versus 67%), Weskeag (73% versus 81%), 
Scarborough (41% versus 64%), and Wells (38% versus 43%). There was no change in the ND2 
haplotypes in Prudence Island; 100% of the individuals in each time period had Saltmarsh 
Sparrow haplotypes.  
 Site-averaged hybrid index was similar for allopatric marshes in 1998 and 2013 (Table 1; 
Figure 4), but differed in sympatric marshes with a shift toward Nelson’s Sparrow allele 
frequencies at all three sites (Table 1; Figure 4). Site-averaged interspecific heterozygosity was 
similar on average between the two replicates, with a wider range of values in the contemporary 
replicate (mean = 0.22 ± SD 0.01; range 0.2– 0.25 in T1; mean = 0.22 ± SD 0.05; range 0.15 – 
0.31in T2). Interspecific heterozygosities were highest in the sympatric populations for both 
replicates, and they were higher in 2013 than 1998 for Weskeag and Wells and the same in 
Scarborough (Table 1). Analyses in STRUCTURE assigned individuals in each temporal replicate 
to one of two genetic clusters (Figure 5) based on ΔK (Figure S1, supporting information), which 
corresponded to Nelson’s and Saltmarsh Sparrow populations. For both replicates, individuals 
sampled from allopatric Nelson’s Sparrow populations had a low probability (replicate 1, mean 
Q value = 0.03 ± SD 0.18; replicate 2, mean Q value = 0.015 ± SD 0.03) of belonging to the 
Saltmarsh Sparrow cluster and individuals sampled from allopatric Saltmarsh Sparrow 
populations had a high probability (replicate 1, mean Q value = 0.997 ± SD 0.001; replicate 2, 
mean Q value = 0.995 ± SD 0.001). Site- averaged estimates for Q values were intermediate in 
sympatric populations, with individuals sampled from replicate one having a higher average 
probability of belonging to the Saltmarsh Sparrow cluster (mean Q = 0.64 ± SD 0.467, Range = 0 
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– 1) compared to replicate 2 (mean Q = 0.49 ± SD 0.458, Range = 0 – 1). In replicate one, 3 
individuals (3%) had Q values ranging from 0.1 – 0.9 compared to 9 individuals (10%) in 
replicate two.   
 
Hybrid zone width and center 
 
 Geographic cline analyses revealed differences in cline width and center between the two 
time periods (Figure 6; Table 3). Average cline estimates for the 22 microsatellite loci (including 
a mix of neutral and diagnostic loci) showed a southward shift in cline center between 1998 (260 
km from location 1, Lubec – approximately 30 km north of Phippsburg, Maine) and 2013 (348 
km from Lubec – approximately 20 km south of Yarmouth, Maine) along with an increase in 
hybrid zone width (1998 – 424 km; 2013 – 860 km). Diagnostic marker Ammo036 showed 
similar patterns of cline shift and expansion, but over a smaller geographic extent: cline center 
(1998 – 339 km; 2013 – 376 km) and cline width (1998 – 286 km; 2013 – 408 km). Diagnostic 
marker Ammo006 and mitochondrial marker ND2 showed a similar southward shift in cline 
center: Ammo006 (1998 – 294 km; 2013 – 372 km) and ND2 (1998 – 370 km; 2013 – 406 km), 
but with a reduction in cline width between the two time periods: Ammo006 (1998 – 411 km; 




 Morphological and genetic data indicate an increase in the distribution of Nelson’s 
Sparrows relative to Saltmarsh Sparrows in the hybrid zone over a 15-year time period. During 
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this time, the number of recent generation hybrids (F1/F2) also apparently increased in 
Scarborough, a site near the center of the hybrid zone. We also found an increase in estimates for 
cline width, with average cline width in 2013 almost double the width observed in 1998, along 
with a southward shift of the cline center. These findings support previous work describing a 
southward range expansion of Nelson’s Sparrows (Hodgman et al. 2002). This shift toward 
Nelson’s alleles in sympatric marshes may also be exacerbated by changes in population density 
between the two species. Recent survey efforts indicate a decrease in Saltmarsh Sparrow 
abundance across their breeding range (Correll et al. in prep). Although few studies have 
measured population density in relation to hybrid zone movement (Buggs 2007), demographic 
changes could be facilitating hybrid zone expansion and increased introgression over time.   
While the exact causes of the observed southward shift in Nelson’s Sparrows remains 
unknown, our study adds to a growing body of empirical work documenting hybrid zone 
movement in natural systems (Dasmahapatra et al. 2002; Shapiro et al. 2004; Secondi et al. 2006; 
Reullier et al. 2006; Taylor et al. 2014). A synthesis of this empirical work on hybrid zone 
movement found that the fastest moving hybrid zones involved species with high dispersal 
abilities, with rates of movement varying from 0.02 to 5.8 km/year (Buggs 2007). Over the 15-
year time interval of this study, the center of the Saltmarsh-Nelson’s sparrow hybrid zone 
exhibited a rate of movement ranging from 2.4 km/year (mitochondrial DNA) to 5.8 km/year 
(averaged over all markers). Thus, on average, the rate of movement appears to be comparatively 
fast in this system.  
 Asymmetrical introgression between Nelson’s and Saltmarsh sparrows may be driving 
the relatively rapid expansion observed in this study. Asymmetrical introgression has been 
documented in a number of avian contact zones (Rohwer et al. 2001; Secondi et al. 2006; den 
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Hartog et al. 2010) and is an important driver of hybrid zone movement (Buggs 2007). The 
southward expansion of Nelson’s alleles is consistent with asymmetrical introgression in the 
direction of Saltmarsh Sparrows (Shriver et al. 2005; Walsh et al. 2011; Walsh et al. in review). 
These findings suggest that Nelson’s females and hybrids mate more frequently with Saltmarsh 
Sparrow males. This mating asymmetry can be explained by the scramble competition mating 
strategy of Saltmarsh Sparrows (Greenlaw and Rising 1994; Hill et al. 2010), which may place 
the smaller sized Nelson’s males at a disadvantage when competing with Saltmarsh males in 
sympatric marshes. Alternatively, differences in abundance may skew the number of potential 
available mates and lead to the observed asymmetries. Accordingly, Saltmarsh Sparrows have 
been observed to outnumber Nelson’s Sparrows by 4:1 on a few sympatric sites that have been 
the focus of intensive demographic monitoring (Walsh et al. in prep).   
 Despite the apparent range expansion of Nelson’s Sparrows, the composition of the 
allopatric populations remained relatively stable over the 15-year time frame. One observation 
worth noting was in Lubec, where we identified an F1/F2 individual in the 1998 replicate 
compared to only pure and backcrossed Nelson’s Sparrows in the contemporary replicate. This 
stability in the pure populations suggests that the range ends of both Nelson’s and Saltmarsh 
sparrows are bounded, likely due to a change in marsh habitat north and south of the current 
overlap zone, respectively (Greenlaw 1993). North of Weskeag, there is a transition to smaller, 
isolated, and more brackish fringe marshes, which is the more characteristic Nelson’s Sparrow 
habitat. South of the hybrid zone, the marshes become more expansive, continuous, and tidally 
influenced. Correlations between genotype and marsh-level characteristics suggest that habitat 
affinity is likely playing a role in shaping the distribution of pure and hybrid individuals (Walsh 
et al. in review). Extensive sampling of the hybrid zone and surrounding allopatric populations 
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(Walsh et al. in review) found that morphologically and genotypically pure Saltmarsh Sparrows 
were not captured north of Weskeag and morphologically and genotypically pure Nelson’s 
Sparrows were not captured South of Newburyport, further supporting the above hypothesis. 
However, it is important to note that introgression of Saltmarsh and Nelson’s alleles has been 
found in allopatric marshes, suggesting that while habitat transitions may be enough to bound 
genetically pure individuals it is not enough to prevent introgression outside of sympatric 
populations. Marsh characteristics may also limit the distribution of Nelson’s Sparrows within 
the overlap zone. Walsh et al. (in review) found that sites like Wells are ecologically 
“intermediate” between fringe marsh and expansive coastal marsh; those environmental 
conditions may facilitate the increase in Nelson’s Sparrows observed there leading to increased 
introgression. In more coastal sites within the hybrid zone, we may not see the same increase in 
Nelson’s alleles, as pure Nelson’s Sparrows appear to be limited in spatial extent across 
sympatric marshes, possibly due to fitness impacts from tidal flooding in the more coastal sites 
(Walsh et al. in prep).  
 While cline analyses across the genetic markers revealed similar southward shifts in the 
estimates for center of the hybrid zone, changes in cline width varied by marker. On average, 
estimates for cline width more than doubled between the 1998 replicate (425 km) and the 
contemporary replicate (860 km). This finding indicates that most of the markers evaluated in 
this study move freely across the hybrid zone and that introgression is extensive between 
Nelson’s and Saltmarsh sparrows. However, three markers previously shown to be under abrupt 
selection (Walsh et al. in review) displayed either less extreme changes in width (Ammo036) or 
narrower cline estimates (ND2 and Ammo006), indicating that selection is acting to maintain 
pure species boundaries despite ongoing gene flow. Contemporary estimates of cline width (118 
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km) for the mitochondrial marker (ND2) were substantially narrower than estimates for the 1998 
replicate (325 km). The abrupt clines observed for ND2 suggest selection against female hybrids 
in this system in accordance with Haldane’s rule – which predicts reduced fitness in females of 
the heterogametic sex (Haldane 1922). Because mitochondrial DNA is maternally inherited, 
reduced introgression of this region offers empirical support for Haldane’s rule (Saetre et al. 
2003; Carling & Brumfield 2008). Reduced survival of female F1/F2 hybrids relative to males 
provides further support for selection against female hybrids (Walsh et al. in prep). 
Contemporary cline estimates for Ammo006 were also narrower (385 km) than that for the 1998 
replicate (412) km). Ammo006 is a gene-associated marker linked to a metabolic pathway 
important for osmoregulatory function (Kovach et al. 2015; Walsh et al. in review). Selective 
pressures related to osmoregulation in coastal marshes coupled with the importance of 
environmental features in shaping pure and hybrid distribution suggest a strong role for 
ecological divergence in shaping hybrid zone dynamics. Despite widespread introgression and 
recent range shifts, selection against hybrids and adaptive gradients posed by tidal marsh 
ecotones are preventing a hybrid swarm scenario and appear to be important in maintaining pure 
populations of both Nelson’s and Saltmarsh Sparrows.  
 Hybrid zone movements can present challenges for species conservation. Because 
expanding hybrid zones represent a simultaneous invasion and extinction, in some scenarios, 
focused conservation/management efforts may be required to protect one taxon (Buggs 2007). 
The legal, ethical, and ecological considerations associated with the conservation of a 
hybridizing species are also complex (Allendorf et al. 2001; Jackiw et al. 2015). As a result, 
conservation and management of hybridizing species requires clear policies that outline effective 
management strategies. There has been a long-standing bias toward conserving genetically pure 
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species (Agapow et al. 2004; Jackiw et al. 2015), however this approach may not be applicable 
or appropriate for all systems. Recently, Jackiw et al (2015) proposed a flexible framework for 
hybrid conservation that aims to guide management decisions using a context-specific approach; 
they identify the maintenance of genetic diversity and ecological adaptation as a priority for 
conservation. The Jackiw et al. (2015) framework makes a few important assumptions, 
including: 1) pure species are valued over hybrids; 2) natural hybrids have more value than 
anthropogenic hybrids; 3) anthropogenic hybridization that occurs unintentionally is more 
natural than intentional hybridization; and 4) when there is uncertainty, decisions should be 
based on cost-benefit analyses that include ecological, social, and economic variables.  
 Based on our findings, we applied the Jackiw et al. (2015) framework to the Saltmarsh-
Nelson’s sparrow hybrid zone and conclude that the conservation of hybrids in this system is still 
warranted despite zone expansion. While we did find extensive introgression and evidence for a 
southward expansion of Nelson’s Sparrows over the 15-year time period, we also found that 
selection is acting within the zone, with reduced fitness in hybrid females and habitat-mediated 
distribution of genotypes. Hybridization in this system is extensive, with a majority of 
individuals backcrossed in either direction and very few F1/F2 individuals, indicative of an 
advanced generation hybrid zone (Walsh et al. 2015). Hybridization between Nelson’s and 
Saltmarsh sparrows is naturally occurring and Saltmarsh Sparrows are at imminent risk from 
other biotic and abiotic factors, including sea-level rise and habitat loss and degradation. 
Nelson’s Sparrows are also a high conservation priority in the Northeast. If we conclude, based 
on patterns of selection and the high proportion of pure and backcrossed individuals within the 
zone, that hybridization is not a major threat, hybrids would be eligible for protection. Even if we 
conclude that hybridization is detrimental to Saltmarsh Sparrows due to fitness reductions in 
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hybrids, conservation of hybrids is still warranted, as Saltmarsh Sparrows are declining due to 
irreversible factors (sea-level rise; Bayard & Elphick 2011). To attempt to manage hybrid and 
pure populations separately would seem misguided, particularly given the inability to 
discriminate between backcrossed and pure individuals based on morphology alone (Walsh et al. 
2015). Given the imminent threat of sea-level rise to Saltmarsh Sparrows (Bayard & Elphick 
2011), it is also difficult to discount the possibility for increased evolutionary potential from 
added genetic diversity in this system. The immediate threats to Saltmarsh and Nelson’s 
sparrows warrant habitat restoration and creation efforts, including in sympatric marshes to 
promote persistence of pure and hybrid individuals. 
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Figure 5.1. Location of marshes along the northeastern coast of the United States, where we 
sampled Saltmarsh and Nelson’s sparrows. Circles represent the five sites where individuals 
were sampled in 1998 and then again in 2012. Triangles represent two additional sites that we 
sampled in 2012 for increased sample size. Blue sites represent allopatric Nelson’s populations, 
red sites are allopatric Saltmarsh populations, and gray sites are sympatric populations. The 
hatched area represents the hypothesized hybrid zone based on previous bird surveys. Pie charts 
represent haplotype frequencies for ND2 at each site (Nelson’s = black, Saltmarsh = white) 






















Figure 5.2. Distribution of genotypic classes across five sites spanning the Saltmarsh-Nelson’s 
sparrow hybrid zone, compared between two temporal replicates. Sites are ordered from North to 
South and labels are included on the top of each graph. T1 represents temporal replicate 1 (1998 
– 1999) and T2 represents the contemporary replicate (2012 – 2013). Genotypic classes include 
pure Nelson’s (black), backcrossed Nelson’s (gray), F1/F2 hybrids (white), backcrossed 




























Figure 5.3. Boxplot of three morphological traits (left: plumage score, center: weight, right: bill 
length) for 138 individuals from 5 marshes, organized from North (pure Nelson’s Sparrow, site 
1) to South (pure Saltmarsh Sparrow, site 5). Gray represents morphological data collected in 
1998 (first temporal replicate) and black represents contemporary data (2012 – 2013). Black 
lines represent the median for each measurement at each site. Boxplot boundaries correspond to 






















































Figure 5.4. Boxplot of two genotypic indices (left: hybrid index; center: interspecific 
heterozygosity) and a triangle plot comparing hybrid index and interspecific heterozygosity 
(right) for 170 individuals from 5 marshes, organized from North (pure Nelson’s Sparrow) to 
South (pure Saltmarsh Sparrow). Gray represents data collected in 1998 (first temporal replicate) 
and black represents contemporary data (2012 – 2013). For the boxplots, black lines represent 
the median for each measurement at each site. Boxplot boundaries correspond to the first and 

































































Figure 5.5. Genetic clusters identified by STRUCTURE for 172 individuals genotyped at 22 
microsatellite loci for the 1998 replicate (top panel) and the contemporary replicate (bottom 
panel). Sites are ordered from North to South and include: Lubec (1), Weskeag (2), Scarborough 
(3), Wells, (4), and Prudence Island (5). Bar plot shows individual membership to two genetic 
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Figure 5.6. Plots showing patterns of geographic introgression across 5 Nelson’s and Saltmarsh 
sparrow populations compared between two temporal replicates: 1998 (n = 85) and 2013 (n = 85). 
Geographic clines were calculated for 4 marker types and plotted as the frequency of Saltmarsh 
Sparrow alleles across an 800 km sampling transect. Markers include: allele frequencies 
averaged over 22 microsatellite loci (top left), 1 mitochondrial gene (ND2; top right), and two 
gene-associated microsatellite markers (Ammo036 and Ammo006; bottom left and right). Solid 
lines represent cline estimates for the 1998 replicate (gray) and the contemporary replicate 
(black) and vertical dashed lines represent estimates for hybrid zone center for the 1998 replicate 























































































!Table 5.1. Sampling locations and coordinates for 170 Nelson’s and Saltmarsh sparrows sampled in two time periods. For both the 
1998 replicate (T1) and the contemporary replicate (T2), table includes sample size (n), FIS, observed heterozygosity (HO), allelic 
richness (corrected for sample size), average hybrid index (± SD), average interspecific heterozygosity (Int. Het.), and average Q 















Site! Latitude! Longitude! T1! T2! T1! T2! T1! T2! T1! T2! T1! T2! T1! T2! T1! T2!Lubec!marsh! 44°49.27'!N! 66°59.27'!W! 16! 9! 90.04! 0.01! 0.60! 0.55! 3.79! 4.37! 0.07!±!0.11! 0.05!±!0.06! 0.22! 0.22! 0.03! 0.01!Weskeag!marsh!! 44°04.60'!N! 69°08.66'!W! 19! 16! 0.14! 0.17! 0.64! 0.61! 4.85! 5.55! 0.43!±!0.41! 0.35!±!0.39! 0.25! 0.31! 0.42! 0.33!Scarborough!marsh! 43°33.90'!N! 70°21.64'!W! 20! 29! 0.14! 0.21! 0.66! 0.61! 4.86! 5.95! 0.70!±!0.33! 0.51!±!0.41! 0.21! 0.21! 0.72! 0.52!Wells!marsh! 43°16.47'!N! 70°35.27'!W! 15! 14! 0.15! 0.22! 0.61! 0.62! 4.56! 6.30! 0.74!±!0.34! 0.63!±!0.38! 0.22! 0.24! 0.79! 0.63!Prudence!Island! 41°37.49'!N! 71°19.43'!W! 15! 17! 90.007! 0.08! 0.64! 0.62! 3.96! 4.98! 0.96!±!0.03! 0.98!!±!0.02! 0.20! 0.15! 0.99! 0.99!
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Table 5.2. Pairwise FST values for 5 marshes where Saltmarsh and Nelson’s sparrows were sampled. Values for replicate one (1998) 
are in gray (top portion of table) and values for replicate two (2013) are in black (bottom portion of table). P values < 0.005 are 
significant (after a Bonferroni correction) and are indicated in bold.  
 
  Lubec Weskeag Scarborough Wells Prudence Island 
Lubec 
*** 0.0804 0.18 0.2363 0.3543 
Weskeag 
0.0623 *** 0.0147 0.0435 0.1328 
Scarborough 
0.1287 0.0216 *** 0.0035 0.0485 
Wells 
0.1461 0.0224 -0.0002 *** 0.0281 
Prudence Island 









Table 5.3. Parameter estimates for the best fitting clines for 4 marker types compared between two time periods, including (in order 
from top to bottom): one mitochondrial gene, two gene-associated microsatellite markers, and an average estimate for a mix of 22 
neutral and diagnostic microsatellite loci. Geographic clines were fit using the R package HZAR. For each locus, we present the top 
model, estimates for cline width (w), cline center (c), pMin/pMax (allele frequencies at the end of the cline), and the AICc for each 
replicate. 
 
Locus Best Model ω c ρmin ρmax 
AICc - 6-model 
best fit 
1998 Replicate             
ND2 observed, no tails 325.37 (91.84 - 744.63) 370.38 (299.15 - 457.11) 0.15 1 4.446996 
Ammo006 observed, no tails 411.75 (183.68 - 859.97) 294.41 (189.75 - 383.21) 0.26 1 4.720716 
Ammo036 observed, no tails 286.13 (40.69 - 788.05) 339.50 (249.57 - 425.62) 0.31 1 4.975382 
Average observed, no tails 424.69 (199.45 - 859.98) 260.34 (146.21 - 356.77) 0.16 0.86 4.718783 
2013 Replicate             
ND2 observed, no tails 117.67 (4.3 - 575.25) 406.08 (378.81 - 527.43) 0.19 1 5.295295 
Ammo006 observed, no tails 384.84 (100.23 - 859.95) 372.33 (289.01 - 472.28) 0.22 0.97 4.425703 
Ammo036 observed, no tails 407.91 (202.87 - 781.67) 376.01 (312.90 - 450.01) 0.05 1 5.162794 








Supporting Figure 5.1. Determination of the number of genetic clusters (K) for Nelson’s and 
Saltmarsh sparrow individuals sampled from five marshes over two temporal replicates (1998 – 








 In this research, I characterized the genetic structure of the Nelson’s and Saltmarsh 
Sparrow hybrid zone and identified mechanisms responsible for shaping hybrid zone dynamics 
in this system. I combined intensive sampling across a geographic transect traversing the entire 
hybrid zone with a local scale demographic study to assess the influence of phenotype, selection, 
fitness, and habitat in maintaining species boundaries in space and time. Hybridization in natural 
populations is complex, with numerous potential outcomes and both evolutionary and 
conservation implications. As such, this research offers new insight into species interactions in 
this system by identifying potential isolating mechanisms and drivers of speciation. I identified 
factors that are important contributors to reproductive isolation between Nelson’s and Saltmarsh 
sparrows. Below, I summarize the overarching themes revealed by my research. 
Characterizing the hybrid zone 
 Intensive sampling of sparrows along a geographic transect ranging from Lubec, Maine 
to Madison, Connecticut revealed that 52% of the sampled individuals were of mixed ancestry. A 
majority of these admixed individuals were sampled within the previously documented overlap 
zone (South Thomaston, Maine to Newburyport, Massachusetts); however, I also found 
backcrossed sparrows north and south of the overlap zone. Specifically, backcrossed Nelson’s 
Sparrows were found as far north as Lubec, Maine and backcrossed Saltmarsh Sparrows were 
found as far south as Connecticut. These results indicate introgression of alleles approximately 
225 km north and south of the overlap zone. However, morphologically and genetically pure 
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Saltmarsh and Nelson’s sparrows were not captured outside of the previously documented 
overlap zone.  
 Despite high rates of introgression and recombination, I found an overall deficit of first 
generation hybrids, with only 3% of individuals sampled along the transect assigned to the F1/F2 
category. The low frequency of F1/F2 individuals found in this study is indicative of an 
advanced generation hybrid zone characterized by high rates of recombination and introgression 
(Culumber et al. 2010, Hamilton et al. 2013). I found multiple lines of evidence supporting high 
rates of introgression and backcrossing between Saltmarsh and Nelson’s sparrows. In chapter 
one, I found that phenotypic variation in sympatric populations exceeded that observed in 
allopatry. This increased variation can arise when hybridization and introgression creates novel 
recombinants between parental taxa (Buerkle and Lexer 2008) or complex mosaics of parental 
phenotypes (Allendorf et al. 2001). As a result, I found no clear intermediate phenotypes and the 
mosaic of traits created by extensive backcrossing made identification of admixed individuals 
based on morphology alone impossible. In chapter two, I found that 24 of the 29 genetic markers 
evaluated in this study exhibited gradual clines, indicating that these parts of the genome move 
freely between species. Estimates for cline width for these 24 markers exceeded the overlap zone 
(208 km), with estimates ranging from 300 – 900 km. Despite this variation in cline width, the 
center of the hybrid zone was consistently estimated to be around Yarmouth, Maine. In chapter 
five, I found an expansion of Nelson’s alleles southward and a doubling of the hybrid zone width 
over the past 15 years. On all three of the sympatric sites compared between the two time periods, 
I saw an average increase in Nelson’s Sparrows of 15%. I also found an increase in F1/F2 
hybrids at the center of the hybrid zone, indicating contemporary and ongoing hybridization 
between Nelson’s and Saltmarsh sparrows.  
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 In addition to high rates of introgression, the data also suggest that backcrossing is 
asymmetrical toward Saltmarsh Sparrows, consistent with previous research by Shriver et al. 
(2005). In chapter two, I found that 19 of the 29 evaluated markers exhibited asymmetrical 
introgression toward Saltmarsh Sparrows. These asymmetries may be driven by differences in 
competitive ability, differences in species abundance, or from a southward expansion of Nelson’s 
Sparrows. One hypothesis is that due to the scramble competition mating strategies of Saltmarsh 
Sparrows, size differences between Nelson’s and Saltmarsh males (14.9 – 19.2g versus 19 – 24g, 
respectively) may place Nelson’s Sparrows at a substantial competitive disadvantage when 
competing to secure mates in sympatric marshes. Admixed females may thus be more likely to 
backcross with Saltmarsh males leading to the observed asymmetries. Weight seems to be an 
important factor in shaping hybrid zone dynamics, as it drives male mating competition. There 
also seems to be selection against intermediate sized males suggesting that, for Nelson’s 
Sparrows, being small is an advantage. This may suggest an importance role for smaller sizes in 
Nelson’s Sparrows, possibly increasing their success in performing aerial flight displays. In 
chapter one, weight showed the least overlap between Nelson’s and Saltmarsh sparrows and was 
one of the best morphological features for differentiating between pure individuals in the field. In 
chapter two, I found abrupt selection for weight across the hybrid zone, evidenced by extremely 
narrow cline estimates (~20 km), suggesting selection against intermediately sized males. The 
variance in weight was also much higher in sympatric populations than in allopatric populations, 
suggestive of character displacement.  
The observed patterns of asymmetrical introgression may also be a result of differences 
in species’ densities. In chapter four, I found that Saltmarsh Sparrows outnumber Nelson’s 
Sparrows on three sympatric sites almost 5:1. This is likely an important factor in structuring the 
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hybrid zone, as hybrids may be more likely to backcross with Saltmarsh Sparrows simply 
because of their greater abundance. The asymmetry may further by facilitated by the southward 
movement of Nelson’s Sparrows into the zone, as described in chapter five. Asymmetrical 
introgression may be indicative of hybrid zone movement or of one species being displaced by 
the other. If this is the case, we expect to see asymmetrical introgression from the “invader” to 
the “invadee” (Rheindt & Edwards 2011). The “invader” in this system is the Nelson’s Sparrow 
and the “invadee” is the Saltmarsh Sparrow, fitting the observed patterns of asymmetrical 
introgression.  
 Although I found extensive backcrossing and asymmetries, the Nelson’s-Saltmarsh 
sparrow hybrid zone shows no indication of a hybrid swarm. The limited occurrence of 
intermediate genotypes (F1/F2) and phenotypes suggests that pure species boundaries are being 
maintained in the face of ongoing introgression. I found evidence for both exogenous and 
endogenous selection in maintaining distinctiveness across the Nelson’s-Saltmarsh sparrow 
hybrid zone; selection for these traits may thus provide insight into forces responsible for 
reproductive isolation between these species. Below, I present evidence for both exogenous and 
endogenous selection and the potential role of these forces in maintaining the hybrid zone.  
Endogenous and exogenous selection in the hybrid zone 
 Throughout my dissertation, I identified an important role for exogenous selection in 
shaping hybrid zone dynamics between Saltmarsh and Nelson’s sparrows. Abrupt environmental 
gradients across the marine-terrestrial ecotone within each marsh present adaptive challenges to 
terrestrial vertebrates (e.g., tidal inundation and osmoregulatory demands; Greenberg et al. 2006; 
Bayard and Elphick 2011), and provide evidence for a potential role for ecological divergence 
between these species. In chapter three, I found fine scale spatial structuring of genotypes across 
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the hybrid zone and a strong correlation between genotypic class and local environmental 
features. The mosaic pattern of river, intermediate, and coastal marshes across the overlap zone 
appears to be structuring the distribution of pure and admixed individuals. I found more hybrids 
and backcrossed sparrows in river and intermediate marsh types compared to mostly pure and 
backcrossed Saltmarsh Sparrows in coastal marshes. This suggests that certain marshes facilitate 
hybridization more than others, likely due to differential adaptation of Nelson’s and Saltmarsh 
sparrows to coastal environments. Comparison of suitability predictions from ecological niche 
models for Nelson’s and Saltmarsh sparrows supports this, showing that there are slight 
differences in niche breadth for pure Nelson’s, Saltmarsh, and hybrid individuals despite broad 
similarity in habitat suitability. Selection for tidal marsh adaptations in Saltmarsh Sparrows can 
explain these niche differences as well as many of the patterns identified in this research.  
As evidence for the role of ecological divergence, I found evidence for selection for 
plumage and osmoregulatory traits consistent with tidal marsh adaptations. I found stronger 
correlations between genotype and plumage darkness/definition in chapter one and abrupt clines 
for plumage definition along with selection for a marker linked to melanin pathways in chapter 
two. Higher levels of melanin have been documented in a range of tidal marsh vertebrates 
(reptiles, mammals, and birds) in comparison to closely related upland and freshwater taxa 
(Grinnell 1913, Greenberg and Droege 1990, Grenier and Greenberg 2006, Olsen et al. 2010). 
Darker plumage may serve an important adaptive function for tidal marsh birds, explaining the 
strong selection for this trait in Saltmarsh Sparrows and a lack of intermediacies for this trait. I 
also found abrupt clines for a genetic marker linked to osmoregulatory pathways in chapter two. 
The cline estimates for hybrid zone width for this marker were the narrowest of all markers 
evaluated in this study. Strong selection for osmotic function in Saltmarsh Sparrows is likely 
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driving this pattern. The importance of this trait was confirmed in chapter five, where I showed 
that cline estimates for this genetic marker decreased in width over the past 15 years. This 
suggests that although the introgression of neutral alleles is increasing over time, there is strong 
selection for certain regions of the genome that likely have important ecological functions; these 
may be important in speciation and maintaining the distinction of the two species over time.  
Further evidence for the role of tidal marsh adaptations in shaping hybridization 
dynamics between Nelson’s and Saltmarsh sparrows stems from a fitness study described in 
chapter four. I found patterns of differential fitness in coastal versus upriver marshes, indicating 
selection against Nelson’s Sparrows on coastal sites. Nest failure due to flooding was 
significantly higher in pure and backcrossed Nelson’s Sparrows compared to both Saltmarsh 
Sparrows and F1/F2 hybrids. Nelson’s Sparrows also build their nests lower and in mostly high 
marsh, two traits negatively correlated with nest success. These findings indicate that Nelson’s 
Sparrows are less adapted to coastal marshes, which may explain why they were rarely detected 
in coastal sites across the geographic transect (chapter three). The observed fitness differences 
probably limit the sites where the two species come into contact, thus decreasing the frequency 
of hybridization occurrences. Collectively, these findings provide support that exogenous 
selection, driven by ecological divergence between Nelson’s and Saltmarsh sparrows, plays an 
important role in maintaining pure species boundaries despite the extensive neutral introgression 
across the zone. Adaptive traits such as plumage darkness may additionally serve as visual cues 
to potential mates, leading to possible reinforcement through mate selection.  
 I also found evidence for endogenous selection in the Nelson’s-Saltmarsh sparrow hybrid 
zone. In chapters two, four, and five, I found support for Haldane’s rule, which predicts that 
fitness reductions should occur more often in hybrids of the heterogametic sex (Haldane 1922). 
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In chapter two I found that mitochondrial and z-linked markers show reduced introgression 
compared to nuclear markers and are under strong selection. Estimates for cline width were 
narrowest for the mitochondrial and z-linked markers and were all less than 300 km, compared to 
800 km for neutral markers. Further, in chapter five, I found that the width of the cline estimate 
for the mitochondrial marker decreased by almost half in the contemporary samples compared to 
1998, while cline widths for the neutral markers doubled over the same time period, showing 
strong selection for the former despite increased introgression of neutral alleles. Reduced 
introgression of mitochondrial or sex-linked markers in organisms with ZW sex determination is 
an expectation of the dominance theory of the Dobzhansky-Muller incompatibility model 
(Dobzhansky 1937; Muller 1940, 1942). Further, in systems where females are the heterogametic 
sex (as in birds), Haldane’s rule also predicts reduced introgression of mitochondrial markers 
because they are maternally inherited. The patterns of differential introgression observed in this 
study therefore support a role for Haldane’s rule in shaping the Nelson’s-Saltmarsh sparrow 
hybrid zone.  
Fitness data also support a role for Haldane’s Rule in this system. In chapter four, a 
comparison of F1/F2 individuals across age and gender classes revealed a reduction in F1/F2 
females from 14% (nestlings) to 6% (adults); the same comparison in males showed no reduction 
in hybrids between age classes. These findings offer additional support for selection against 
hybrid females. Reduced survival in F1 females translates into reduced reproductive output of 
hybrid females compared to parental species and can lead to less gene flow between hybridizing 
species over time (Neubauer et al., 2014). Reduced survival in F1/F2 females would explain the 
abrupt clines for mitochondrial and z-linked markers. Lastly, a comparison of reproductive 
success among five genotypic classes in chapter four (pure and backcrossed Nelson’s and 
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Saltmarsh sparrows and F1/F2 hybrids) revealed that, while there were no observable reductions 
in reproductive success for F1/F2 females, first generation hybrids did display intermediacies in 
nesting behavior. Aspects of nest placement, including the height of the nest off of the ground 
and the mix of high and low marsh vegetation surrounding the nest, were predictors of nest 
success: higher nests placed in a mix of high and low marsh were more successful – both traits 
that were observed more in Saltmarsh Sparrows. Nelson’s Sparrows built lower nests in 
predominantly high marsh. Hybrid females exhibited intermediacies in nest placement between 
Saltmarsh and Nelson’s sparrows, offering further support for intrinsic behavioral differences 
that may lead to fitness reductions.  
 Based on these patterns of endogenous and exogenous selection, I have evaluated 
predictions of the major theoretical models describing hybrid zone evolution. I posit that the 
most defining pattern of the Nelson’s-Saltmarsh sparrow hybrid zone is the patchy distribution of 
pure and backcrossed individuals across sympatric populations, with neighboring marshes 
exhibiting noticeable differences in genotypic compositions. This fine scale spatial structuring 
mimics a mosaic hybrid zone (Moore 1977). The mosaic model (Howard 1986; Harrison 1986, 
1990) predicts that parental populations will be patchily distributed throughout the zone. 
Accordingly, hybridizing species will interact within discrete local populations that are 
independent from each other and as a result, the outcomes of hybridization events may differ 
from site to site. As predicted by the model, I found a positive correlation between site-averaged 
genotype and habitat variables, which appears to be largely driven by tidal regime (as predicted 
by vegetation) within a marsh patch and spatial features of the marsh at the marsh-complex scale 
(size, isolation, distance to shoreline). The composition of genotypic classes was site-dependent 
and followed a pattern explained by marsh type along a coastal-upriver gradient. I found that 
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coastal marshes are comprised predominantly of pure and backcrossed Saltmarsh Sparrows (94% 
of individuals in coastal sites were from these two genotypic classes). In contrast, intermediate 
and river marshes were comprised predominantly of Nelson’s Sparrows (pure and backcrossed), 
F1/F2 hybrids, and backcrossed Saltmarsh Sparrows. Although I did document intrinsic selection 
against female hybrids in accordance with Haldane’s rule, the observed patterns of 
environmental influences on species interactions are inconsistent with other predictions of a 
tension zone model. Tension zone models predict that hybrid zones are clines maintained by the 
balance between dispersal of parental forms into the zone and selection against hybrids (Barton 
& Hewitt 1985), and the model assumes that reduced hybrid fitness is independent of the 
environment. Given the strong evidence for extrinsic selection and the role of ecological 
divergence, I maintain that the defining feature of the Saltmarsh-Nelson’s sparrow hybrid zone is 
the non-clinal, patchy distribution of individuals across sympatric marshes. I conclude the hybrid 
zone most closely fits the mosaic hybrid zone model, although I would argue that both intrinsic 
and extrinsic mechanisms are influential in this system.  
Evolutionary and conservation implications 
 While there is more work to be done, my dissertation research provides the first 
comprehensive view of genetic variation across the Saltmarsh-Nelson’s sparrow hybrid zone and 
offers insight into underlying evolutionary mechanisms. From an evolutionary perspective, 
understanding how genetic regions can remain differentiated in the face of ongoing (and possibly 
increasing) introgression can improve our understanding of speciation. Hybrid zones between 
two recently diverged species, as studied here, offer the opportunity to identify genetic and 
phenotypic traits that play a critical role in species divergence, as differential patterns of 
introgression of foreign alleles can provide a direct measure of reproductive isolation (Gompert 
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et al. 2013). My dissertation research highlights the complexities of natural hybrid zones and 
shows how numerous selective forces and processes can work in conjunction to shape species 
interactions.  
Although backcrossing is extensive across the Nelson’s-Saltmarsh Sparrow hybrid zone, 
and the spatial extent of the hybrid zone has shifted over time, there are a number of isolating 
mechanisms in place to prevent genetic swamping. Differential adaptation of Saltmarsh 
Sparrows to tidal marshes has resulted in selection for numerous traits, including those related to 
morphology, mating strategy, osmotic regulation, and nesting behavior. Difference in these traits 
between Nelson’s and Saltmarsh sparrows is likely driving differential success in tidal marsh 
environments, influencing species’ distributions and leading to reinforcement of species 
boundaries across these abrupt salt marsh gradients. Ecological divergence coupled with intrinsic 
selection against hybrid females, and possibly intermediately sized males, adds further 
reinforcement to these boundaries. I conclude that these factors are important drivers of 
reproductive isolation, as evidenced further by the temporal comparisons, which revealed strong 
patterns of selection simultaneous with a doubling of the spatial extent of neutral introgression 
over 15 years.  
 The maintenance of species boundaries observed here should be viewed positively from a 
conservation perspective. Selective forces operating within the hybrid zone appear to be strong 
enough to prevent a hybrid swarm scenario. Although backcrossing is extensive, a majority of 
the individuals are 85 – 99% “pure” in both directions (90% of the sparrows sampled along the 
transect fell into this category). It seems unlikely that, even in the face of increasing 
introgression, one species will be swamped out by the other. With the extent of genetic and 
phenotypic introgression observed in this system, attempting to manage hybrid populations 
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separately would not be feasible. Although the fitness of recent generation hybrids is reduced 
relative to pure Saltmarsh Sparrows, hybridization is naturally occurring and Saltmarsh Sparrows 
are declining due to irreversible factors. One could also argue that in the absence of a hybrid 
swarm scenario, it is possible that increased genetic diversity gained from introgressive 
hybridization may increase the evolutionary potential of the species in the face of future 
anthropogenic changes. Through my research, I conclude that the Saltmarsh-Nelson’s sparrow 
hybrid zone is dynamic and may continue to change over time. However, introgression of 
Nelson’s alleles is unlikely to be a leading cause of Saltmarsh Sparrow decline, particularly since 
traits that exhibit adaptive functions are under strong selection and maintained within the 
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